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Reply to Office Action of November 20. 2006 

REMARKS/ARGUMENTS 

This is in response to the Office Action mailed November 20, 2006 for the abovc- 
captioned application. Reconsideration and further examination are respectfully requested. 

The withdrawal of the restriction requirement with respect to claims 18, 32, 33 and 37-41 
is noted with appreciation. The Examiner's statement concerning the application of the PCT 
Unity of invention rules to claims 17, 18, 24 and 25, however, is not understood. The Examiner 
states that the claims are drawn to different categories of invention, namely a method of making a 
cytotoxic mutant protein, and a method of using the cytotoxic mutant protein, and that "the 
withdrawn method claims are patentably distinct from the method of claim I, because they do not 
contain a further invention, by virtue of being drawn to different categories of clams." This 
statement is not understood. PCT Rules specifically provide that claims in different categories 
routinely do share unity of invention, for example, one such combination is "in addition to an 
independent claim for a given product, an independent claim for a process specially adapted for 
the manufacture of the said product, and an independent claim for a use of the said product." The 
claims in this instance are the method of making and the method of using. Further, the Examiner 
has seemingly argued that there is no additional invention, so it is not clear how it could be 
argued that there is a lack of unity. Thus, further consideration is requested. 

Claims 15 and 27 have been amended in view of the Examiner's objections. Claim 20 is 
presently withdrawn. Claims 28 and 29 are dependent on claim 27. 

Claims 1-7,9-16. 18,20, 27-29,32,33,37-41 and 43 are rejected under 35 USC § 112, 
first paragraph, for failure to comply with written description requirement. Applicants again 
traverse this rejection. The Examiner asserts that the specification does not provide description 
"for any heteromeric ribosome inactivating protein because the specification docs not provide 
nucleic acid sequences for ribosome inactivating proteins." (Office Action, Page 13) This 
argument is plainly inconsistent with the holding in Capon v Eschar that recitation of sequences 
that are known in the art and used as part of the invention is not required for written description. 
Here, the invention is not the sequences of ribosome inactivating proteins (RIP) per sc\ but the 
use of such proteins in a certain way. Moreover, no knowledge of the sequence of the protein is 
required to use it in the claimed method, provided that cDNA for the protein is available. 

The specification in Seq. ID No. 2 shows the amino acid sequences for Sequence for the 
B subunit of of ShT and SLT-1 (these two being identical) and the modification of these 
sequences is illustrated by way of example. However, other ribosome inactivating proteins were 
extensively known and characterized at the time the application was filed, as reflected in the 
exemplary documents in Exhibit A hereto (Frankel et. al, 1995; Kreitman, 1999). Thus, this 
basis for the lack of written description rejection is plainly in error. 
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The second reason asserted for maintaining the written description rejections is that the 
specification does not disclose cell lines that are insensitive to particular toxins other than 
CAMA- 1 . Applicants point out that the method of this invention is applicable to any cells, not 
just certain cell lines. The purpose of the invention is the development of new targeting or 
binding moieties that will target a specific cell type, by observation of the induction of toxicity 
where no toxicity is observed with the wild-type toxin. The person skilled in the art would 
recognize that selection of cell type and toxin is a matter of testing the cell type to be investigated 
against different wild-type toxins, finding one with little or no sensitivity, and then performing 
the method. Indeed, the method is a mere academic exercise if one selects the cell type based on 
its sensitivity to toxins instead of being of interest for some other reason (i.e., as a therapeutic 
target). No creation of a cell line is required, just the existence of cells that are of interest. No 
knowledge of the receptors on that cell line is required. Thus, this basis for the rejection is also 
in error and should be withdrawn. 

It is further noted that the Examiner argues that possession of one combination of RIP and 
insensitive cell line does not convey possession of for mutants of other RIPs which have 
specificity for other receptors. (Office Action, page 15) This is not what is claimed, however. 
What is claimed is a method for finding these combinations, and of this method the inventors 
clearly had possession. 

The Examiner has also rejected the claims under 35 USC § 1 12, first paragraph for lack 
of enablement. On Page 11 of the Official Action (not the section relating to enablement), the 
examiner states that "in regard to the newly examined claims ... the specification does not 
provide guidance and direction for detecting or treating disease in vivo." Then, on Page 19, the 
examiner stated that "the specification does not provide guidance and directions for detecting or 
treating any disease." 

The Examiner's statement concerning these claims is incomplete because il docs not say 
w ; hy a person skilled in the art would have difficulty practicing the claimed invention of these 
claims based on the teaching in the specification. Indeed, the comment appears to imply that the 
Examiner's argument is based on enablement of a certain use of the products made the various 
methods. However, since there is no question concerning in vitro or ex vivo use, this argument is 
not relevant since to claim a method of making a compound, or a compound per sc, an inventor 
need only provide some use for the compounds. Here that is done (See, e.g., Example 6, and 
Page 25). 

It is also noted that in the response to arguments, the Examiner argues that "the nature of 
the receptor is relevant to enablement of the claimed invention" because without knowing what 
the receptor specificity to start with, one cannot know that the new receptor now targeted is 
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different. (Page 14). Applicants submit that this argument is erroneous. Since the toxicity of the 
mutant protein depends on binding to the cell, and since the target cells initially arc insensitive, 
the receptor binding specificity must have changed. The user of the invention does not need to 
know what receptor is targeted however to use the invention. To clarify this point, however, 
Applicants have amended claim 1 to specify that the change in binding specificity is reflected in 
the observation of toxicity. 

The Examiner also argues that with respect to claims to making probes and medicaments, 
that the specification does not provide guidance and direction for detecting or treating of disease 
/;/ vivo. The present invention provides methods of making a probe or a medicament, and does 
not claim the probe or medicament for the detection or treatment of disease. The Examiner has 
not provided any reasons why the making and using of a probe would require undue 
experimentation. At most the Examiner has implied that use of an probe for in vivo detection 
might require undue experimentation but he has not said why this would be the case. With 
respect to medicaments, he argues that the claims M read upon vectors for gene therapy" which he 
argues are unpredictable. Since the claim relates to methods of making medicaments that do 
not necessarily require the use of "gene therapy" to work, the Examiner has not shown how the 
claims to a method of making the medicaments lack enablement. 

With respect to claims for making medicaments, the Examiner further argues that the 
claims read on making vectors for gene therapy which is an unpredictable art. The article cited 
for this proposition states that one of the problems of gene therapy is targeting. The present 
invention offers a solution to that problem. Furthermore, the statement of challenges to be met 
for optimization is not a statement of inoperability, and it is absurd to take the position that no 
gene therapy can be patented until all of the various factors are fully optimized. 

This application is believed to now be in form for allowance. Reconsideration and 
allowance are therefore urged. 



Respectfully submitted. 




Marina T. Larson, Ph.D 
Attorney/Agent for Applicant(s) 
Reg. No. 32038 
(970) 262 1800 
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Immunotoxins in cancer therapy 

Robert J Kreitman 

Immunotoxins arc composer) of a protein toxin connected to a 
binding hgand such as an ant, body or growth factor. These 
molecules bind to surface antigens (which internalize) and kill 
cells by catalytic inhibition of protein synthesis within the cell 
cytosoi. Immunotoxins have recently been tested clinically in 
hematologic malignancies and solid tumors and nave 
demonstrated potent clinical efficacy in patients with malignant 
diseases that are refractory to surgery, radiation therapy and 
chemotherapy - the traditional modalities of cancer treatment. 
This therapy is thus evolving into a separate mocality of cancer 
treatment, capable of rationally targeting cells on the basis of 
surface markers. Efforts aie underway to obviate impediments 
to cimical efficacy, including immunogenicity and toxicity to 
no-mal tissues. Immunotoxins are now being developed to new 
antigens for the treatment of cancer, 
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Abbreviations 



CR 


complete remission 


CSF 


cerebrospinal flu'd 


CTCL 


cutaneous T cell lymphoma 


dgA 


deglycosylated ncin A chain 


DT 


diphtheria toxin 


EGFR 


epidermal growth factor receptor 


FDA 


Food and Drugs Administration 


GVHD 


graft-versus-host disease 


HD 


Hodgkin's disease 


HUVEC 


human umbilical vein endothelial eel 


IFN-y 


interferon y 


IL-2R 


IL-2 receptor 


MAb 


monoclonal antibody 


PE 


Pseudomotitis exotoxin 


PR 


partial response 


RTA 


ncin A chain 


TfR 


transferrin receploi 


TGF-a 


transforming growth factor a 


TNF-a 


tumor necrosis factor a 


VLS 


vascular leak synd r omc 



Introduction 

It. has been estimated that — in the year 1999 — 1.228,000 
people in the US will be diagnosed with invasive cancer 
and 564,800 people are expected 10 die of it [ 1 1 . ' f rear men t 
of cancer classically consisted of surgery, radiation therapy 
and chemotherapy - the latter haying had the sole task of 
treating widespread disease that usually afflicts the civing 
cancer patient. "1 he success of chemotherapy requires the 
malignant cells to be sensitive by virtue of intracellular 
metabolic processes or growth rates thai are different from 
chose of normal cells. 



A different modality for cancer treatment 

] iuman cancer is becoming moie definable by suiiace pro 
teins displayed on the malignant cell surface, laigeiing 
cells selectively via these surface pi o teins is inherent ty dif 
ferenl from surgery, radiation and chemotherapy and is 
often considered a new modaliiy for canter therapy 
Targeted therapy can be accomplished by using menu 
clonal antibodies (MAbs) alone or MAhs armed with 
radionuclides or toxins. The Food and Drugs 
Administration (FDA) recently approved (he MAhs 
Rtluximab and Flerceptin, which are effective and well to I 
erated but 50% or more of patients do not. respond and ate 
in need of other therapy. This review will focus on the lat- 
ter approach, where a monoclonal antibody is c onnected m 
a protein toxin to make an immunotoxin. Chimeric toxins 
containing a growth factor instead of a MAb are often con 
siderecl a type of immunotoxin. To kill a cell the ligaud of 
the immunotoxin must, bind to the 1 cell surface and inlei 
nalize; within the cytoplasm the toxin must inhibit piotein 
synthesis. This review will discuss the mechanism of 
action of immunotoxins. their production and their receni 
clinical results in patients with cancer. 

Types of toxins 

Schematic structures for the toxins discussed below art 1 
shown in Figure 1 and their modes of intoxication of cells 
are shown in Figure 2. Toxins originate from both plants 
and bacterid. Plant toxins are either holotoxins - cum 
posed of catalytic: 'A- chains' disulfide bonded to 
'B -chains', which bind die cell surface or catalytic 
chains alone (hemiloxins). The bacierial toxins 
Pseudomanas exotoxin (PF) and diphtheria toxin (1) i ') are 
single chain proteins containing both binding and catalyt- 
ic domains. The common features of plant and bacterial 
toxins — shown in Figure 2 — are binding to die cell sur 
face, internalization into an enclosome, translocation lo the 
cytosoi and then catalytic inhibition of protein synthesis, 
leading to cell death. As shown in Figure 1, immunotoxins 
contain toxins that have their binding domains either 
mutated or removed to prevent them from binding, to nor 
mal cells and are either fused or chemically conjugated to 
a ligand specific for cancer cells. 

Production of immunotoxins 

Producing chemical conjugates requires purification of the 
ligand, either MAb or growth factor, and the; toxin prior to 
the conjugation procedure [2]. The bond between the lig 
and and toxin is usually produced by disulfide bond 
chemistry. An exception is LMB-1 (see below), which con- 
tains a thioether linkage between the MAb and loxin |2>|. 
The chemical conjugate 1 must be purified to remove free 
ligand and toxin. If a 1:1 conjugate between toxin and lig- 
and is desired, conjugal es of higher molecular weight 
containing other rarios must be removed Recombinant 
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Figure 1 



Schematic stricture of immuiotox.ns. (a) Whole 
ricin is a plant holoto:on composed of a catalytic 
A chain disulfide bonded to a binding B-chain. 
Derivatives of me holotoxin nave dramatically 
reduced uptake by the live, they include 
(b) RTA (made by reducing who'.e ricin}, rRA 
(made m E. cow without, glycosylated amino 
acids), chemically deglycosylated RTA (dgA) 
and (c) chemically treated or 'blocked' whole 
ncm (bR). The nactenal toxins PE and DT are 
single-chain proteins suitable for forming 
recombinant fusion toxins, (d) DT is 535 amino 
acids in length and is composed of the 
enzymatic A domain (amino acids 1-193) 
[70.71 ] and tine binding B domain (amino acids 
382-535) [72.73]. Tine translocation or 
transmembrane (T) domain is located in- 
between [74], (e) The fusion toxin DAB 389 IL2 
contains the initiator methionine, the first 388 
amino acids of DT and human IL-2. (f) In the 
chemical conjugate Tr-CRN/1107, human Tf is 
chemically conjugated to a mutant of DT that 
contains phenylalanine (F) replacing serine at 
position 525 [55]. (g) PE is 61 3 amino acids 
long and contains three functional domains 
[75,76]. Domain la (amino acids 1-252) is the 
binding domain, domain II (amino acids 
253-364) is the translocating domain and 
domain II! (amino acids 400-61 3) contains the 
ADP ribosylating enzyme which inactivates 
elongation factor 2 (EF-2) in the cytosol and 
results in cell death [77.78]. Domain lb 
separates domains II and III and contains amino 
acids 355-399. PE38 is a truncated form of PE 
devoid of domain la and amino acids 365-380 
of domain lb. (h) The single-chain recombinant 
immunotoxh anti-Tac(Fv)-PE38 (or LMB-2) 
contains tine variable heavy domain (V H ) of the 
anti-Tac MAb fused via the peptide linker (G 4 S) 3 
to the variable light domain (V L ), which in turn is 
fused to PE38. (i) The disul r ide-stabilized 
recombinant immunoioxin RFB4(dsFv)-PE38 
(or BL22) is composed of the V L from the MAb 
RFB4 disulfide bonded to a fusion of V, , with 
PE38. The disulfide bond connecting V H and V L 
is formed between two cysteine residues 
replacing Arg4 4 of V H and Glyl 00 of V L . 
(j) TP4 0 is composed of human TGF-a fused to 
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a truncated form of PE containing amino acids 
253-51 3 witn cysteines at pos.tions 265, 287, 
372 and 379 converted to alanines, (k) In 
IL4-PE38KDEL, human IL-4 - composed of 
1 29 amino acids - is fused to the amino 
ternrnus of a mutant of PE38. termed 
PE38KDEL, in which amino acids 509-61 3 of 



PE, REDLK, are replaced with KDEL. (I) To fuse 
PE38KDEL to IL-4 residue 37 instead of IL-4 
residue 129, the single-chain, circularly 
permuted IL-4 mutant IL-4 (38-37) was 
created; this contains amino acids 38-1 29 of 
IL-4, n GGNGG linker and amino acids 1 -37 ol 
IL-4 which are then (used to the toxin. 



toxins can be produced by inserting the DNA encoding 
the fusion toxin into an expression plasmid [5]. Escherichia 
coli cells containing this plasmid can be grown in culture. 
Depending on the expression system, protein synthesis is 
induced either by addition of a lactose analog or by chang- 
ing the temperature. After 1-2 hours, the recombinant 
protein can be harvested from one of several bacterial com- 
partments such as the periplasm, cytoplasm or insoluble 
inclusion bodies. In our experience the latter compartment 
leads to recombinant protein with the highest yield, purity 
and activity but requires denaturation. reduction and 
refolding of the recombinant protein in redox buffer [6-8]. 
Purification of DT- or PE-containing fusion toxins can be 
accomplished by simple anion exchange and sizing chro- 
matography [9] or by reverse-phase chromatography 



followed by ultrafiltration |10"). It is difficult to produce 
recombinant toxins using eukaryotic expression systems 
since such cells are sensitive to the toxin. Recently, how- 
ever, high yields of recombinant toxin have been produced 
in baculovirus [11). 

Preclinical development of recombinant toxins 

Immunotoxins that are tested in clinical trials undergo sev- 
eral years of preclinical development to determine their 
efficacy and toxicity in several in vitro and in vivo models. 
A basic test involves measurement of cell-free enzymatic 
activity, namely ribosorne-inactivating activity in the case 
of plant, toxins and ADP-rtbosylation activity in the case of 
bacterial toxins [ 1 21. The binding affinity of immunotoxins 
to antigen can be tested on cells or purified antigen. Small 
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Figure 2 




Intoxication of cells by toxin;;. I ho mock", of 
intoxication c( colls by loxcv-. are shown foi the 
plant toxins like ncin (bottom) and baotoml 
toxins PL* and DT (top) See figure 1 for 
schematic structures of the protein toxins, 
(a) Afiei internalization, (b) plant toxins arc 
believed to naffic through the Golqi and 
translocate to the cytosol, piesnmably (c) via 
the endoplasmic reticulum (ER). (d) Once in 
the cytosol, they ir hibit protein synthesis by 
preventing the association of elomjahon 
factor- 1 and -2 (EF-1 and EF-2) with the 60s 
ribosomat sjbunit by removing the base of 
A' 132 ' 1 in 28s rRMA [79.80] The bacterial toxins 
PE and DT are single-chain proteins, which 
inhibit protein synthesis by ADP-nbosyht-ny 
EF-2 [81]. Both PE and DT undergo 
proteolysis and disulfide-bond reduction to 
separate the catalytic domain (domain 111 for 
PE, A-chain for DTJ from the binding domain 
(domain la for PE, B-cham for DT) [78,82-84], 
PE undergoes both (e) removal of the car boxy - 
terminal lysine residue [85] and (f) processing 
between residues 279 and 280, resulting in a 
37 kDa carboxy terminal toxin fragment ending 
in the residues REDL (which binds to the 
KDEL receptor), (g) This fragment is beloved 
to be transported intracellular iy via the KDhL 
receptor from the Golgi to the ER [86], where it 
translocates to the cytosol. (h) DT undergoes 
processing between residues 193 and T 9-1 
[84], (i) The catalytic A-chain (amino acids 
1 -1 93) then translocates to the cytosol 
through the endosome with the help of 
translocation (T) domain residues 326-347 
and 358—376 which form an ion channel 
[74,87-89]. Cell death caused by toxins has 
been shown to be facilitated by 
apoptosis [90,91]. 



recombinant toxins may lose binding affinity after radiola- 
bciing, so their binding is often best tested by 
displacement or surface-plasmon-resonance assays [13]. 
Cytotoxicity assays are performed by incubating antigen- 
bearing cells with immunotoxins and then measuring 
either protein synthesis, proliferation, colony counts or cell 
viability. Malignant, single-cell suspensions directly 
obtained from patients arc useful to test (if available) since 
such cells may contain a lower receptor density and may be 
less able to process the toxin than established cell lines 
[14-16], In vivo efficacy of immunotoxins may be demon- 
strated in immunodehcient mice bearing xenografts of 
human tumor cells — either as subcutaneous solid tumors, 
orthotopic implants or disseminated leukemia [17-191. 
Most targeted antigens are present at some level on some 
normal tissues and thus toxicology and pharmacokinetics 
should be tested in an animal that has normal cells capable 



of binding the antigen. For most, immunotoxins, tins 
requires sttidies in monkeys to predict whether targeted 
damage to vital normal tissues will occur in humans 
1 20,2 1 J . The remainder of this review will focus briefly on 
those immunotoxins that have passed through preclinical 
development and have recently begun or finished clinical 
testing. These immunotoxins are summarized in Table 1 1. 

Immunotoxins targeting hematologic tumors 

Hematologic malignancies are easier to target than solid 
tumors for many reasons, including easy access of the 
immunotoxin to intravascular tumor cells and improved 
penetration of lymphomatous tumor cells without tight, 
junctions. Moreover, fresh cells may be easily tested 
for immunotoxin binding and cytotoxic ac.iivity. 
Immunotoxins have also been developed for indirect treat - 
merit of malignancies by their killing ol T ceils that 
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Results of recent clinical trials of chimeric toxins against cancer. 





Amicjen 


Diseases 


Toxicities 


Incidence of 
niimunogcnicity 


Responses 


Most .'rrf'tit 
trid! PU,i:>0 


kHi.-rrrK'.^f. 




HbS-RTA 


CD5 


Acute 
GVHC 


Allergy, 
VLS 


15 out or 93 


51 out of 1 27 CR (4 weeks) 
1 year survival unchanged 


III 




Ami-CD6-bR 


CD6 


CTCl 


Ongo;ng 


3 out of 5 


N/A 


! 




Anti-CD.'-dg.A 


CF)7 


T-NUL 


VLS 


1 out of 1 1 


2 out of 1 1 PR 


I 


[94] 


TXU -PAP 


CD7 


T-NUL 


Ongoing 








[20] 


DAD j 8n ll 2 


IL-2R 


CTCL, liD. 
B-NHL 


Asthenia, mild VLS 


65 out ot 71 


:s out of 114 CR, 24 oul of 144 PR 


til 


[IO",37] 


Anti-Tac(Fv)-PE38 
(LMB-2) 


CD25 


B, T cell lymphoma/ 
leukemia, FtD 


AST, ALT, fever 


1 1 out of 33 


1 out of 34 CR, 7 out of 34 PR 


I 


|95I, (al 


RFT5-SMPT--dgA 


CD25 


HD 


VLS 


7 out of 1 5 


2 out of 20 PR 


I 


[43,44] 


IgG-RFBI-dgA 


CD22 


NH;., CLL 


VLS 


21 out of 40 


1 cut of 42 CR. 9 out of 42 PR 


I 


[22,23] 


D-dgA-RFB4 


CD22 


NIIL. CI 1. 


Ongoing 


N/A 


N/A 




hi 


pTP,i f He Fw^ PF'iR 

n. i lj r vj— r C. J O 

(Bl 22) 


CD22 


n> i\j n l , d-i 1. 1_ 


0 ng oi ng 


N/A 


N/A 


I 


I 


\nC~-, Fin^7 MriA 

igo - ri L>..w — u f JM 


CD1 9 


R M HI R f "\ 1 
D- N ri L, LJ-L- L L 




5 out of ^4 


i out or jy ijK, ii out oi ju t k 


I 


|<_o| 


r\ 1 k 1 D + — Ur\ 


CD1 9 


B-N ( IL 


1, ML 1 . rLIS 


O d OUL Ol / 0 


? mil nf 7 r i PC r i nut 7^ PC 
o OUl Ol / J <^K, J OUL Ul 1 J> r t\ 


HI 


[28 ?9 30'] 


Anil- LS^ - DK 

+ chemotherapy 




Ai -IN n L 


AS T , ALT 


O OUl O r ^ID 


3 out of 26 improved 




I 7 1 1 


Anti-My9-bR 


CD33 


AML 


VLS, PLTs 


N/A 


0 out of 1 8 


I 


[931 


DT388-GM-CSF 


GM-CSFR 


AML 


Ongoing 


N/A 


N/A 




I9G] 


F33-Ly5PE38 
(LMB-l) 


Le v 


Carcinoma 


VLS 


33 out of 38 


1 out of 38 CR, 1 out of 38 PR 


I 


(3) 


B3(Fv)-PE38 
(LMFJ-7) 


Le Y 


Carcinoma 


N/A 


33 out of 51 


N/A 


I 




B3(asFv)-PR38 
(lMB-9) 


Le Y 


Carcinoma 


N/A 


Ongoing 


N/A 






T P40 


FGFR 


Bladder cancer 


None 


0 out of 4 3 


Improved CIS 


I 


[47! 


DAR-^CGF 


EGFR 


Carcinoma 


AST, ALT, renal, pain 


52 cut of 52 


1 out of 52 PR 




|481 


454A12-rRA 


TfR 


CSF cance r 


Inflammation 


0 out of 8 


4 out of 8 PR 


I 


[Mj 


T f -CRM107 


T'R 


Glioma 


Peritumorai inju'y 


6 nut of 1 4 


2 out of 1 5 CR. 7 out of 1 5 PR 


I 


159] 


N901-bR 


CD56 


SCLC 


VLS 


1 9 out of 20 


1 out of 21 PR 


II 


[50,93.971 



Toxins, which are shown schematically in Figure 1, include RTA, blocked 
ricin (bR), dgA, pokewecd annviral protein (PAP), truncated DT (DT388 
or DAB 38 (j), truncated PE (PE38), recombinant RTA (rRA) and mutated 
DT (CRM107). Non-monoclonal antibody ligands include IL-2, 
granulocyte/macrophage colony-stimulating factor (GM-CSF), EGF and 
TT JPAO is a fusion of TGF-u with truncated PE. Diseases include 
rir:ute GVTID, B or T cell norvhodgkin's lymphoma (NHL), chronic 



lymphocytic leukemia (CLL), AIDS-retated NHL, acute myelogenous 
leukemia (AML), carcinoma in situ (CIS), metastatic tumor involving the 
CSF (CSF cancer) and small-cell lung carcinoma (SCl.C), Toxicities 
inc'ude VLS, elevations of hepatic transaminases or aspartate 
aminotransferase (AST) and alanine aminotransferase (ALT), 
thrombocytopenia (PLTs) or are no: available (N/A). (a) RJ Kidman 
cr al., unpublished data 



mediate graft-versus-host disease (GVHD) in the setting 
of allogeneic transplantation. 

B cell lymphoma and leukemia 

As shown in Table 1, B cell lymphoma and leukemia have 
been targeted tising both anti-CD22 and anti-CD 19 
immunotoxins [22-29, 30*, 31]. The dose-limiting toxicity 
(DLT) is due to vascular leak syndrome (VLS) foi both 



deglycosylated ricin A chain (dgA)-containing immunotox- 
ins IgG-RFB4-dgA (targeting CD22) and lgG-HD37-dgA 
(targeting CD 19). DespiLe the higher antigen density ot 
CD 19 compared with CD22 on target cells, CD22 target- 
ing led to higher response rates — ■ including durable 
complete remissions (CRs) [24| — probably due to 
improved internalization or intracellular processing of the 
immuno toxin. One strategy for improving the therapeutic 
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index is to delivei two instead of one mxin molecule 1 per 
MAb molecule and a clinical trial is currently underway 
using di-dgA-RFBl [4], Also in phase 1 testing is a 63 kDa 
recombinant immunotoxin, RFB4(dsFv) PF38 (BL22), 
which — as shown in Figure 1 --■ contains only the variable 
domains (hence 'Fv') of VI Ah RFB4 fused to the truncat- 
ed form of PE, PF38 [32|. Unlike LMB-2 (see later), BF22 
contains a disulfide bond connecting the variable domains, 
which impioves stability. Preclinical models suggest that 
this molecule might avoid close- limiting VLS since PE38 is 
less toxic than dgA to endothelial cells 1 33,34] and because 
its smaller size might allow it to exit more quickly from the 
vasculature. However, as discussed below, the mechanisms 
causing VLS are not completely understood and results of 
clinical trials might not be predictable from animal models. 

IL-2 receptor targeting 

The recombinant fusions of I L-2 with truncated DT were 
shown to be cytotoxic toward IL-2 receptor (IL-2R) T cells, 
providing all three subunits of the IL-2R — a (p55, Tac or 
CD25). p and y — were present [35,36]. DAB 389 IL2 
(Figure 1) produced 5 CRs and 8 partial responses (PRs) 
in 35 patients with cutaneous T cell lymphoma (CTCL) 
and 1 CR and 2 PRs in 17 patients with non-Hodgkin's 
lymphoma 1 10"]. The maximum tolerated dose (MTD) 
was 27 Hg/Kg (daily for five doses), limited by asthenia. 
The most common toxicities were transient and well-tol- 
erated transaminase elevations (62% of patients) and 
hypoalbuminemia (86%), hypotension (32%) and rashes 
(32%)). The significant response rate in CTCL was recent- 
ly confirmed in a Phase III trial in 71 CTCL patients in 
which 7 CRs and 14 PRs were observed and most of the 
patients had objective improvements in skin lesions [37] . 
13AB^ fe gIL2 has just been approved by the FDA tor sal- 
vage treatment of CTCL. This approval, which follows a 
decade of preclinical and clinical development [38], is 
proof of the principal that chimeric toxins can make use- 
ful pharmaceutical agents. 

For improved IL-2R targeting, an alternative strategy is to 
target CD25 directly with an antibody rather than by IL-2, 
since IL-2 binds with low affinity to CD25 alone and since 
CD25 far outnumbers p and y subunits of the IL-2R on most 
types of target cells [39,40]. In phase I testing, a recombi- 
nant immunotoxin containing anti-Tac(Fv) and PE38, 
termed LMB-2 [I2 r 4lj, has been administered to 
35 patients with chemotherapy-resistant leukemia, lym- 
phoma and Hodgkin's disease (HD), Of 20 patients 
receiving > 60 Ug/kg/ cycle, there was 1 CR and 7 PRs. A sig- 
nificant component of toxicity, including fever and 
transaminase elevations, appears to be mediated by 
cytokines and this is currently being defined. A Phase II trial 
is planned in patients with CD25 + hematologic malignan- 
cies and Phase I trials are planned for the prevention of 
GVFID in patients undergoing high-risk allotransplantation 
[A2\. The goal in the latter approach is to selectively target 
CD25\ activated donor T cells which are reactive with 
patient cells while preserving CD25 ' donor T cells which 



are necessaiv fur engraft menl and pi election against ihiid- 
parr.y antigens. The coiivontion.il iinniinioioxiii 
RFT5-SV1PT dgA has also been developed to taiget I i ) Z : :> 
and has resulted in several responses in 1 ID, one of which 
lasted over two years [43,44|. RFT5-SMPT dgA is alieady 
undergoing testing for the prevention of CVl ID in patients 
undergoing allot tansplantation and has recently been shown 
fx vivo to remove alloreact ive donor T cells while pi eserving 
an ti leukemia and antiviral cytotoxic T cell i espouses |451. 

Solid tumors 

1 he treatment or solid tumors with immunotoxins is chal 
longing due to light junctions between tumor cells, high 
interstitial pressure within tumors and he Lei ogeneous 
blood sup pi v [4G[. As described below, to deal with these 
obstacles some immunotoxins are being administered 
locally to solid tumors. Nevertheless, some sysiemically 
administered immunotoxins have recently shown efficacy 
in patients with solid tumors. 

Targeting the epidermal growth factor receptor 

In patients with superficial bladder carcinoma, the anti 
EGFR (epidermal growth factor receptor) recombinant 
toxin TP40 — composed of transforming growth factor a 
(TGF-a; this binds the EGFR) and tiuncated PPL— 
resulted in pathologic improvement in carcinoma in situ 
when instilled into the bladder [47]. KGF itself was 
fused to DAB 38g for systemic therapy of EGFR f carcino- 
mas and has resulted in a response in lung cancer [48"]. 
Although F^CFRs are present in liver, hepatic transami- 
nase elevations were only observed in 52% of patients 
and decreased in severity during subsequent cycles. A 
Phase I/I I study is currently being conducted in patients 
with non -small-cell lung cancer. It has been recently 
found that EGFRs expressed on cancers are often mutat- 
ed and therefore preclinical development is underway 
for immunotoxins that bind specifically to tumors boat- 
ing mutant EGFRs and not to normal cells hearing 
EGFRs [49,501. 

Targeting the Le Y antigen on solid tumors 

One MAb that reacts with a carbohydrate antigen in the 
Le v family is called B3 [5]]. A chemical conjugate of 133 
with PE38 — called LMB-1 — was tested in 38 patients 
with Le Y -expressing carcinomas of breast, ovarian and 
gastrointestinal origin |3|. The 1 GR and J PR were the 
first major responses to immunotoxins documented for 
metastatic breast and colon cancer, respectively. The dose- 
limiting toxicity was VLS but experiments with human 
umbilical vein endothelial cells (FlUVEGs) indicated that 
the MAb (B3) rather than PE38 was binding to the Le v 
antigen on endothelial cells |33|. To target Le v - expressing 
tumors with a smaller immunotoxin that would loavo the 
vasculature sooner and not cause VLS, tiie variab le 
domains of B3 were cloned and fused to PE38 |52| . 
B3(Fv)-PE38 (LMB-7) and B3(dsFv)-PE38 (LMB-9) aie 
two recombinant immunotoxins that, have lecently under- 
gone clinical testing, (he former having a single-chain 
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structure like LMB-2 arid the lattei having a disulfide- 
stabilized simcture like BL22 (Figure 1). A riiffeient 
recombinant single- chaii : immunotoxin, BR96(sFv)-PE40, 
was derived from the anti-Le Y MAb BR96 and is also cur- 
rently undergoing clinical testing |53]. 

Targeting tumors in the central nervous system 

Since tbe transferrin receptor (TfR) is expressed on 
tumor and normal hepatic cells but not in normal brain, 
several trials have targeted anti-TfR immunotoxins to 
brain tumors. The conjugate 454Al2-rRA — composed 
of an anti-TfR MAb, 454A12, and recombinant ricin A 
chain — was used for intraventricular therapy of patients 
with leptomeningeal cancer and cleared > 50% of the 
malignant, cells from the cerebrospinal fluid (CSF) in half 
of the patients [54 1. These same investigators have also 
targeted the TfR to treat solid tumors in the brain, using 
a chemical conjugate of human Tf with a mutant form of 
DT [55]. Tf-CRMI07 (Figure 1) was infused directly 
into the tumors of 18 patients using catheters placed 
stereotactically; 2 CRs and 7 PRs were documented in 
15 evaluable patients. In 6 out of 9 responders and in 
some of the nonresponders, the tumor underwent early 
central necrosis with loss of central gadolinium enhance- 
ment up to 2-3 cm in diameter. There was evidence that 
the chimeric toxin escaped from the central nervous sys- 
tem, resulting in transient transaminase elevations, 
hypoalbuminemia and an increase in the anti-DT titer. 
At concentrations of at least 1 pg/ml of infused drug, 
peritumoral brain injury was observed — consisting of 
thrombosed cortical vessels, attributed to the presence of 
TfR on endothelial cells. A Phase II trial is underway to 
evaluate antitumor activity at the maximum tolerated 
concentration, 0.6G ug/ml. Several Phase I trials are also 
currently underway to test the recombinant IL-4 toxin 
IL4(38-37)-PE38KDEL (Figure 1) as an intratumoral 
therapy for high grade gliomas. These tumors, unlike 
normal brain tissues, overexpress IL-4R [2 1 ,56] . 
IL4(38-37)-PE38KDEL contains a circularly permuted 
variant of IL-4 that permits higher affinity binding to IL- 
4R [57,58]. IL4(38-37)-PE38KDEL was well tolerated at 
up to 7.3 (J.g/ml in the plasma of monkeys, up to 1.4 pg/ml 
in the CSF of monkeys and tip to 100 fig/ml when direct- 
ly instilled into the frontal cortex of rats [21]. Over 
20 patients have so far been treated with concentrations 
up to 15 (J.g/ml and, although response determination will 
require further follow-up. essentially all patients experi- 
ence at least central necrosis of injected tumors. 

Specific challenges 
Immunogenicity 

Although durable partial and even complete responses 
have resulted from one cycle of immunotoxin therapy, 
immunogenicity is considered a major barrier to the 
clinical utility of chimeric toxins. Table 1 includes 
immunogenicity data from recent clinical trials, indicating 
that patients with solid tumors become immunized much 
more readily that those with hematologic tumors. Some 



hematologic tumors may be associated with less imiiiiiiin 
genicity than others. None of 14 patients witli chimin 
lymphocytic leukemia treated with LMB2 (8 patients) oi 
BL22 (6 patients) have shown any evidence of ant ibudios. 
Patients receiving DT containing chimeric toxins such as 
DAB 38S 1L2, DAB 389 HCF and Tf-CRM107 often have pre- 
existing antibodies from prior vaccinations and experience 
increased titers after treatment but antibodies are probably 
not strongly neutralizing since they do not adversely affect 
response rates [10".48\59|. It has been suggested from 
clinical data that anti-B4-bR temporarily blocked immune 
genicity through its anti-B-oell activity [60]. In 11 patients 
receiving 22 cycles of the anti CD22 recombinant immuno- 
toxin BL22, evidence of immunogenicity has so far been 
observed in only one patient after four cycles. Several 
strategies are being developed to actively prevent immuno 
genicity. Recent strategies to prevent immunogenicity 
include cotreatment with CTLAllg — an inhibitor of the 
CD28/CTLA4-CD80/CD8G costimulation pathways 
[Gl] — or the anti-CD20 MAb Rituximab, which induces 
profound B cell depletion in the majority of patients and is 
itself nonirnmunogenic [62]. LK4B-1 is currently being 
tested in solid-tumor patients in combination with 
Rituximab to prevent immunogenicity. 

VLS 

As indicated in Table 1, the dose-limiting toxicity of many 
of the most successful immunotoxins — particularly those 
containing dgA — is VLS, Additionally, some evidence of 
mild VLS — such as hypoalbuminemia, hypotension and 
edema -— is observed in nearly all immunotoxin clinical di- 
als. This includes LMB-2, despite the observation that dgA 
but not LMB-2 was cytotoxic toward FIUVECs |33|. Recent 
studies indicate that recombinant toxins, including those 
containing mutated forms of PE, produce VLS in rats 
[63 -65] and that inflammation, which can be suppressed by 
steroidal or nonsteroidal anti-inflammatory drugs, mediates 
the VLS 1 63,64], As reviewed recently — by Baluna and 
Vitetta [661 endothelial cells and/or macrophages can be 
activated by cytokines such as TNF-ct and IFN-y to pro- 
duce nitric oxide, which then can mediate oxidative damage 
to the endothelial cells and result in increased permeability. 
An in vitro model of VLS indicated that ricin A chain (RTA) 
causes intercellular gap formation following endothelial cell 
death that is caused by the enzymatic activity of the toxin 
[67]. However, experiments using an in vivo model com 
posed of human neonatal foreskin xenografts in SC1D 
(immunodeficient) mice [68*] identified a 3- amino -acid 
motif present in IL-2 and piotein toxins that causes VLS 
without other toxin activity [6H"|. Thus, in the future, VI .S 
induced by immunotoxins may be preventable by the use of 
anti-inflammatory agents to block cytokine action and by 
the use of mutations or peptide inhibitors to prevent bind- 
ing to endothelial cells. 

Conclusions 

Chimeric toxins have become a new modality for t he treat- 
ment of cancer. Despite difficulties with immunogenicity. 
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toxicity Ki normal r issues and limiUH.ions in tumor ponecn 
lion, they <ne unique:- in their ability to rationally target 
tumor cells via cell surface receptors. '1 he ability to kill a 
cell with only one or a few molecules of toxin in the cyto- 
plasm permits successful targeting of cells displaying only 
a limited number of antigen molecules. Several immune- 
toxins can target cells mediating autoimmune disease, 
including GVIID. One chimeric toxin, DAE^gglLZ, lias 
finally become a drug that oncologists can prescribe and 
we anticipate that other agents of this class will be added 
to t he list of useful anticancer agents. 
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Clinical trials of targeted toxins 
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Immunoloxins (monoclonal antibodies chemically coupled to 
peptide toxins) and fusion toxins (peptide iigands fused 
genetically to peptide toxins) have been used to treat a variety 
of malignancies over the last 20 years. Problems with normal 
tissue toxicities (vascular leak syndrome, hepatotoxicity, and 
neurotoxicities) , poor penetration to tumor interstittmi, and 
humoral immune responses have limited clinical efficacy. 
Higher response rates were observed with systemic therapy of 
leukemias and lymphomas and regional therapy of primary 
brain tumors. Ongoing studies are examining the role of 
targeted toxins in combination with chemoradiotherapy and 
in minimal residual disease settings. 
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Chemoradiotherapy is toxic to mitotically active cells 
and, consequently, produces clinical responses in a 
number of rapidly proliferating human neoplasms 
including germ cell and hematopoietic malignancies, 
childhood cancers, breast and ovarian epithelial 
cancers, and small cell lung carcinoma. However, even 
in patients with responsive neoplasms, a fraction of 
patients arc refractory to treatment or relapse after a 
brief remission. Explanations for failure of cytotoxic 
regimens include a low growth fraction for portions of 
the cancer 1 and altered tumor cell metabolism lead- 
ing to removal of the drug or repair of drug-induced 
damage.^ In addition, many common malignancies 
including melanomas, gliomas, gastrointestinal (GI) 
malignancies, sarcomas, non-small cell lung carcino- 
mas and prostate cancer are minimally responsive to 
available chemoradiotherapy. Again, this primary 
refractory state has been attributed to low growth 
fraction and multiple drug resistance phenotypes. 

As discussed by FitzGcrold. peptide toxins arc a new 
class of cancer therapeutics with a unique mechanism 
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of cell killing. 0 Initially, two small clinical studies were 
done in the mid 1970's to I980's using unmodified 
native whole toxin to treat refractory metastatic 
cancer patients.' 1 ,D Topically ana 1 intrant moi ally 
applied ricin induced transient cytorcdut lion (5/18 
partial responses) in patients with locally advanced 
cervical carcinomas, without any reported toxicities. 1 
Intravenously administered ricin (4,5-23 pg/m z every 
two weeks) led to significant side effects (myalgias, 
fatigue, nausea and vomiting) and one partial 
response and four stable disease in 38 evaluable 
patients with advanced refractory metastatic carcino- 
mas.^ 1 However most clinical studies have vised either 
immunoloxins or fusion toxins, molecules that con 
tain targeting functions with some degree: of specific 
iiy for tumor cells. Immunoloxins consist of mono- 
clonal antibodies covalently attached to peptide 
toxins via heterobifunctional linkers or intermo 
lecular disulfide bonds. 0 Fusion toxins consist of 
peptide Iigands such as growth factors, hormones or 
single chain Fv's fused to peptide toxins via amide 
bonds. 7 In each case, the toxin moiety has been 
modified to reduce normal cell binding. The growth 
factor or antibody delivers the molecule to the target 
cell surface, and the toxin then enters the cytosol and 
catalytically inactivates piotein synthesis, 

Synthesis of immunoloxins and fusion toxins 
requires the elimination of binding to normal tissues. 
The three dimensional atomic structures of several 
toxins 8 ' 11 along with the cDNA clones for these 
toxins 12 " 15 has facilitated chemical derivatization and 
genetic engineering to alter toxin binding sites. After 
toxin modification, targeting Iigands must be added 
to direct the toxin to tumor cell surface receptors. 
These receptors must be absent or at lower density on 
accessible normal human tissue cells. The targeting 
ligand must also trigger endocytosis and intracellular 
metabolism similar to the native toxins in order to 
yield potent immunoloxins or fusion toxins. 

The structure and physiology of the toxins 
employed in the clinic were reviewed by Fit/Gerald.' 1 
In this review we will focus on the clinical pharmacol- 
ogy of immunotoxins and fusion toxins. We will 
document the toxicities, pharmacodynamics, immune 
responses, and anti-tumor efficacy observed in clinical 
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Table 1. S\Mrini<- immunotoxin trials* 



Conjugate 

Anu-protoog-RTA 

Ami gp/2--RTA 

Anti-CD5 RTA 

Ami CD5 RTA 

Arui-CD25 PE 

Anii-gp55-rRTA 

Anti-ov.ani. PE 

Anti-TfR-rRTA 

Anti-TfR-rRTA 

Anti-CD22-LlgRTA 

Anri-CD22-dgRTA 

aCU22Fab-dgRTA 

Anti-CD25-dgRTA 

Anri-CDJ9-dgRTA 

Arui-CD19 bR 

Anti-CD30 SAP 

DAB 48fi lL2 

DAB™1L2 

DABn Rq IL2 

DAB 3 nL2 

Ami-CD19TAP 

LMB1 

Anti-CD56-bR 

Tf-CRM107 

TP40 



Disease 


Specific L( >x iei I V 


Respoi lse rale 


Ref 


Melanoma 


VI s 


5/102 


16 18 


Colorectal Ca 


VLS 


Z/]() 


19 


CLL 


VLS 


2/18 


20.21 


CTCL 


VLS 


A / 1 4 


22 


ATL 


I Icpatic 


0/4 


23 


Breast Ca 


Schwann. VLS 


1/9 


24,25 


Ovarian Ca 


CNS 


0/23 


26 


AclenoCa 


CNS 


0/19 


27 


Loptomen Ca 


Arachnoid 


0/8 


28 


NHL 


VLS 


9/40 


31,51 


HIV+NHL 


VLS 


3/0 


51 


NHL 


VLS 


4/16 


32 


Hodgkin's 


VLS 


1/14 


47 


NHL 


VLS 


2/19 


51 


NHL 


Hepatic 


8/59 


33,34 


Hodgkin's 


VLS 


5/12 


36 


CD25+malig. 


None 


11/109 


37 


CTCL 


None 


12/35 


38,39 


HNL 


None 


3/17 


39 


Hodgkin's 


None 


0/19 


39 


B-ALL 


VLS 


9/2G 


35 


Carcinomas 


VLS 


1/35 


40 


SCLC 


VLS 


1/21 


41 


Brain 


None 


9/18 


'13 


Bladder 


None 


8/43 


42 



'Response rate is (CR-TR) /total . VLS, vascular leak syndrome; RTA. ricin, toxin A chain; PE, 
Pseuclomonas exotoxin; rKTA, recombinant ricin toxin A chain; dgRTA, deglycosylatcd ricin toxin A chain: 
bR, blocked ricin; Leptomen. Ca, leptoineningeal neopla.sms; SAP, saporin; PAP, pokevvecd aniiviral 
protein; Tf, human transferrin; CRM107, mutant DT with binding site inactive; TP40, TCTa fused i c j a 40 
kilodalton fragment of PE; LMB1, Anti-Lewis y conjugated to a 38 kilodalton fragment of PP with a single 
Lvs at the N-termmub for dei'ivatization; SCLC, small cell lung cancer; CD25+ malig., hematopoietic 
malignancies with 1L2 receptor including chronic lymphocytic leukemia, cutaneous T cell lymphoma, non 
Hodgkin's lymphoma and Hodgkin's disease; B ALL, B-coll acuie lymphoblastic leukemia; CTCL, 
cutaneous T cell lymphoma; NHL, non-Hodgkin's lymphoma; TfR, transferrin receptor. 



trials. In addition, wc will postulate molecular mecha- 
nisms for these results, as well as propose favorable 
clinical settings for future clinical studies. 

First generation clinical studies 

Based on the extreme in-vltro potency of these hybrid 
proteins (approximately one-million fold more active 
on a molar basis than current cytotoxic drugs), 10 
clinical studies were conducted with these molecules 
between 1985 and 1990. 16 28 In seven studies, patients 
with advanced refractory neoplasms were treated with 
short daily systemic infusions of immunotoxins (Table 
1). 102 patients with melanoma received anti-proteo- 
glycan-ricin toxin A chain (RTA) conjugate, 10 18 16 
patients with metastatic colon carcinoma received 
anti-gp72-RTA conjugate, 19 18 patients with chronic 
lymphocytic leukemia (CLL) 20,21 and 14 patients with 
cutaneous T-cell lymphoma (CTCL) 2Z received anti- 
CD5-RTA (CD refers to cluster of differentiation' to 



denote an antigen recognized by different antibod- 
ies), four patients with adult T cell leukemia (AIL) 
were given one to two doses of anti-CD25-Pseudomo- 
nas exotoxin (PE), 2J and nine patients with refractory 
metastatic breast carcinoma were given anti-gp55 
recombinant RTA. 24,2:1 Three clinical trials were con 
ducted using intracavitary treatment to expose local 
tumor deposits to high concentrations of immunotox- 
ins (Table I). Twenty-three patients with refractory 
stage III ovarian cancer received several intraper- 
itoneal infusions of anti-adenocarcinoma antigen-PF 
conjugate. 2b 20 patients with peritoneal metastases of 
adenocarcinoma were given intraperitoneal infusions 
of anti-transferrin receptor antibody recombinant 
RTA. 27 The same anlHransferrin receptor recombi- 
nant RTA conjugate was given intrathecally to eight 
patients with leptoineningeal neoplasms. 28 

In most studies were RTA was used, (he close- 
limiting toxicity was vascular leak syndrome (VLS) 
monitor ed by dypnea, hypoalbuminemia. edema, 
weight gain, malaise, anorexia and fatigue. This 
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toxicity was seen with a number of RTA conjugates, 
suggesting the toxicity was not due to antibody 
targeting. VLS was seen with infusions of anti- 
protcoglvcan-RTA, anti-gp72-RTA, anti-CD5-RTA, anti- 
gpT)5-recombinant RTA, and anti-transferrin receptor- 
recombinant RTA. VLS has been postulated as 
secondary to direct endothelial cell injury from 
exposure to high toxin concentrations and was 
reproduced in an in-vitw model by exposure of 
human umbilical cord endothelial cells to RTA 
alone/' 1 Anti-gp72-RTA produced additional toxicities 
including proteinuria and a transient toxic encepha- 
lopathy (mental status changes, diffuse slowing on 
electroencephalograms, and normal computerized 
tomographic scans). This syndrome may have consti- 
tuted a central nervous system form of VLS based on 
its time of occurrence and transient course. Anti-CD5- 
RTA produced additional side effects including 
arthralgias, rash, renal insufficiency and rhabdomyol- 
ysis, though these patients showed no evidence of 
serum sickness or anti-toxin antibodies. The dose- 
limiting toxicity of anti-CD25-PE was hepatotoxicity, 
apparently due to residual hepatocyte binding by 
domain la of the PE moiety. Central nervous system 
(CNS) toxicity due to antibody-specific targeting 
produced dose-limiting toxicity in four studies. 24,20 ' 28 
A profound peripheral motor-sensory neuropathy 
occurred in three patients one month after treatment 
with anti-gp55-recombinant RTA. The gp55 antigen 
was found on normal human Schwann cells/' 1 The 
anti-adenocarcinoma antigen-PE produced severe 
encephalopathy in three patients with brainstem 
inflammation on magnetic resonance imaging (MR!) 
in two patients and death in one patient. The 
antibody reacts with an antigen in the CN T S. 2G Anti- 
transferrin receptor-recombinant RTA administered 
intraperuoneally produced abdominal pain, mucosi- 
tis, and a fatal encephalopathy. In the latter patient, 
CT scan showed cerebral edema at 12 hours and 
postmortem exam showed hemorraghic capillary nec- 
rosis of the basal ganglia. Transferrin receptor was 
subsequently identified on brain capillaries. 27 After 
intrathecal administration of anti-transferrin receptor- 
rccombinant RTA for leptomeningeal malignancy, 
patients developed headaches, vomiting, decreased 
mental status, and elevated intracranial pressure 
which responded to steroids and cerebrospinal fluid 
(CSF) drainage. The meningitis may have been 
secondary to an inflammatory response to necrotic 
tumor cells or a direct effect of the immunotoxin on 
meningeal capillaries 28 

The pharmacology of immunotoxins in these stud- 



ies was affected both by physical properties ol the 
drug and biological aspects of the disease. The large 1 
size of most of the conjugates (around 200, 000 
daltons) led to high circulating levels of immunotoxin 
in the systemic trials and elevated intracavitary immu 
notoxin levels in the intraperitoneal and intrathecal 
therapy trials. The slow clearance from the infused 
compartment was likely secondary tu low permeabil- 
ity. Penetration of immunotoxin into tumor inter- 
stitium was poor. While some anti-proteoglvcan-l\ FA 
escaped the circulation and bound melanoma cells in 
skin nodules, 16 neither anti-CT)5-RTA nor anti-gpST)- 
recombinant RTA conjugates were detected in 
extravascular sites (nodes, marrow, skin nodules) in 
patients with chronic lymphocytic leukemia and 
metastatic breast carcinoma, respectively. 212 ' 1 The 
plasma half-life was less than one hour for antibody 
conjugated to plant RTA which contained mannosc- 
terminated oligosaccharides. 10 22 Clearance was medi- 
ated by man nose receptors on reticuloendothelial 
cells/ 0 As anticipated, deglycosylaled RTA conjugate 
showed a longer blood half-life of 6-8 1 lours/' 1 2 

Immune responses were seen to all conjugates with 
the exception of 16/18 patients with CLL treated with 
anti-CD5-RTA. Presumably, the CLI , patients were 
severely immunosupprcsscd. On the other hand, 
tolerance could not be produced in melanoma 
patients using either cyclophosphamide or 
azathioprinc. 17,18 

Clinical responses in these first generation phase I 
studies were rare (Table 1). There was one complete 
response and four partial responses lasting 6 weeks to 
one year in 102 metastatic melanoma patients treated 
with anti-proteoglycan-RTA. There were two partial 
responses in 16 metastatic colon cancer patients and 
one ovarian cancer patient treated with anti-gp72- 
RTA. Two partial responses were seen in 18 CLL 
patients given anti-CD5-RTA. Four out of 14 CTCL 
patients given 1-6 cycles of anti-CD5-RTA had partial 
responses. No responses were observed with anti 
CD25-PE in 4 ATL patients. Similarly, there were 1 no 
responses in 23 patients with ovarian cancer treated 
with intraperitoneal anti-adenocarcinoma antigen-PE. 
One partial response occurred in nine metastatic 
breast cancer patients infused with anti gp55 recombi 
nant RTA. Finally, there were no responses observed 
after treatment of 19 metastatic intraperitoneal card 
nomatosis patients given intraperitoneal ant i t i ans- 
ferrin receptor-recombinant RTA or in eight lep- 
tomeningeal cancer patients given intrathecal 
anti-transferrin receptor-recombinant RTA. 
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Second generation clinical trials 

Between 1990 and 1995, a series of clinical trials were 
con due Led with immu no toxins and fusion toxins 
showing improved in-viiw efficacy (Table 1). Pleven 
diHerenr studies were per for mod with syslemically 
administered toxin conjugates and two trials 
employed regional or cavitary administered toxins. 

Bolus infusions of anti-CD22 antibody (intact or 
Fab) conjugated to doglyeosylatecl (dg) RTA were 
used lo treat 25 and 16 patients, respectively, with 
refractory B-cell non-I Iodgkins lymphoma 
(NHh). 31,:12 Tn a third study, 18 B-cell NHL patients 
received continuous infusions ofanti CD22 Ig-clgRTA 
given at 9.6-28.8 mg/m^ total dose over 8 days M Anti- 
CD25-dgRTA was given intravenously over 4 hours on 
days 1, 3, 5 and 7 at 5-20 mg/m 2 total dose to 15 
patients with refractory CD 25 positive Hodgkin's 
disease. 47 Anti-CD19-dgRTA was given to 19 B-cell 
NHL patients by bolus infusion and 10 B-cell NHL 
patients by continuous infusions 1 Anti-CD 19 anti- 
body conjugated to blocked ricin was given either by 
bolus or continuous infusion to 25 and 34 patients, 
respectively, with NHL. 33 34 Anti-CD 19-pokcwced anti- 
viral protein (PAP) was given to 26 patients with B-cell 
acute lymphoblastic leukemia (B-ALL). 35 Anti-CD30- 
saporin (SAP) was administered as one or two 
infusions lasting three hours to 12 patients with 
refractory Hodgkin's disease. 36 IL2 was fused to 
fragments of diphtheria toxin (DAB 486 IL2 and 
DAB S8[t lL2) and used to treat 109 and 73 patients, 
respectively, with IL2 receptor positive hematopoietic 
malignancies. 37 " 39 Antibody to Lewis Y antigen coupled 
to a 38 kilodalton fragment of PE (LMB-1) was used to 
treat 35 patients with Lewis y antigen positive meta- 
static carcinomas. 40 A nti-CD56-b locked ricin was 
administered by a seven day continuous infusion to 23 
patients with small cell lung carcinoma.' 11 

Two regional/cavitary protocols were used to treat 
patients with bladder carcinoma and brain tumors. 
Transforming growth factor a (TGFa) peptide was 
fused to a 40 kilodalton fragment of PE (TP40) and 
repeatedly instilled into the bladder of 43 patients 
with refractory superficial bladder carcinoma.' 1 ^ 
Human transferrin coupled to a binding defective 
S525F mutant of diphtheria toxin. CRM107, was 
inoculated into the lesions of 25 patients with 
refractory brain tumors.' 13 

VLS continued to be the dose limiting toxicity for 
many of the trials, but qualitative and quantitative 
informal ion has been gained about the syndrome 
which may help elucidate its mechanism and define 



preventive measures. Both the and CD22 lab-dgRIA 
and anti-CD22 Ig-dgRTA produced VLS, suggesting 
antibody Fc does not play a majoi ioIo in pathogene- 
sis. PAR SAP, PL38, and blocked ricin conjugates also 
produced VLS, showing the toxicity is not restricted to 
RTA conjugates. This general toxicity may be secon- 
dary to greater sensitivity of endothelial cells m 
peptide toxins compared to other tissues. Alter- 
natively, endothelial cells may have receptors and 
endocytosis for these diverse protein compounds, and 
evidence for each hypothesis exists. Primary pig 
endothelial cells lack bcl 2 expression and are poised 
for apoptosis/ 1 ' 1 Since toxin conjugates can induce 
a pop tot ic cell death/ 1 ' 1 these cells will be more 
sensitive. Various toxins may bind libronectin recep- 
tors, a2-macroglobulin receptors, or Lys-Asp-Glu-Leu 
(KDEL endoplasmic reticulum retention signal) 
receptors on endothelial cell surfaces and undergo 
receptor- media ted endocytosis. Binding of toxins to 
each of these receptors lias been demonstrated and 
each may be present on endothelial cells/ 14 ' 41 ' Patients 
with low tumor burden lacking an antigen sink and 
patients with high peak serum concentrations and 
total drug exposure (AUG) were more likely to show 
VLS in clinical studies with anti-CD22 ig-RTA and 
LMB-1. 31,40 Patients treated with DAB 48(; IL2. 
DAB 3H9 IL2, transferrin CRM 107 and TP40 had low 
serum concentrations of drug, and the drug was 
rapidly cleared from the circulation. 37 39 42 ' 13 VLS was 
not observed in these studies, even though toxicity to 
cultured endothelial cells could be demonstrated /// 
vitro with each toxin at concentrations identical to that 
producing endothelial cell toxicity for RTA, PAP, SAP, 
blocked ricin and PE40. These findings further 
support a local effect of high concentrations of 
conjugate on endothelial cell integrity. Other tox- 
icities were seen in this group of trials. Blocked ricin 
conjugates produced transaminasemia and thrombo- 
cytopenia which were dose-limiting. 33 MAX The diph- 
theria toxin fusion proteins also produced close 
limiting transaminasemia which, interestingly, 
reduced in severity on subsequent cycles of drug. 
Protection appeared to correlate with development of 
anti-diphtheria toxin antibodies. 37 ' 39 TP40 fusion 
toxin produced no significant side effects and the 
maximal tolerated dose was not reached in t he 
study. 42 The limiting toxicity of interst itial transfcrrin- 
CRM1Q7 for brain tumors was neurotoxicities secon- 
dary to extravaseation of drug into surrounding 
normal brain tissues with transient neurological 
deficits. 43 

Small conjugates showed dramat ic al 1 y shorter 
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plasma half-lives, attributable lo kidney clearance and 
more rapid distribution outside the vasculature. The 
anh-CD22 Fab-dgRTA had a circulating i ]/Z of 1.3 
fiours versus 10.8 hours for the anti-CD22 Ig-dgRTA 
conjugate.- 1 32 The former molecule was 80,000 dab 
tons and the latter molecule 180,000 dal tons. As in the 
first generation trials, dcglycosylation of RTA showed 
clearance. Bolus administration of 50tig/kg anti- 
CD19-blocked ricin yielded peak levels of 0.2|ig/ml 
and a half-life of about one huur." , ' < Continuous 
infusions of 40 [_ig/kg/day produced steady-state levels 
of also 0.2 tig/ml. 34 Continuous infusion of 30 fig/kg/ 
clay anti-CD56-hlocked ricin produced steady-state 
levels of 0.1 fig/ ml.' 11 Thus, blocked ricin conjugates 
behaved similarly to RTA conjugates. Since one-fifth 
the dose was administered, peak levels were one-fifth 
as high, and half-lives were about the same. Plant 
hemitoxins and PE40 conjugates had half-lives in the 
same range as dcglycosylated RTA conjugates. This 
was expected since PAP, SAP and PE40 lack attached 
oligosaccharides. The plasma half-life of anti-CD30- 
SAPwas 19 hours, the half-life of anti~CD19-PAP was 6 
hours and the half-life of LMB 1 was 8.5 hours. 3;V3R ' 10 
The fusion toxins, DAB 38 ( ) ]L2 and DAB 48G IL2, demon- 
strated much shorter plasma half-lives, on the order of 
15 minutes, consistent with more rapid equilibrium 
with extravascular tissues and renal clearance. 37 39 No 
measurements were made of circulating toxin in the 
two regional/cavitary studies,' 12 ' 13 Only two studies 
addressed tumor penetration, Two refractory Hodg- 
kin's disease patients underwent lymph node biopsies 
18-24 hours after infusion of anti-CD30-SAP Immu- 
nostaining revealed the presence of some toxin 
conjugate on Reed-Stcrnberg cells in the nodes. 7,9 
Comparable in-vivo binding was documented in lung 
tumor and bone marrow of one patient after systemic 
administration of anti-CD56-blocked r icin. 41 The role 
of drug size and close in tumor penetration was not 
documented in any of the second generation trials. 

Immune responses to both ligands and toxin 
moieties were again commonly observed in these 
second generation trials. Patients with B-cell malig- 
nancies appeared to have blunted responses to toxins. 
Out of 14 cvaluable B-cell NHL patients treated with 
anti-CD22 Fab-dgRTA, only one patient produced 
high level antibody to RTA (500 fig/ml); two other 
patients developed low level antibody to RTA at 42 
days (40-80 fig/ml) and one patient produced low 
level antibody to RTA (26g/ml) and mouse Ig 
(5ug/ml) at 28 days. 31 Thus, 11/14 patients showed 
no immune response to toxin conjugate. Similarly, 
among 24 evaluable B-cell NHL patients treated with 
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bolus anti CD22 Ig-dgRTA, mosi did not make anti- 
bodies (15/24); one patient made 1 antibody to mouse 
Ig alone; tw ; o patients made antibody to K I'A alone 
and six patients made antibodies to both R1A and 
mouse Ig/ 2 Antibody levels were low (0. 1-68 ug/ml) . 
Only 1/6 B-cell Nl 1L patients on steroids produced 
antibody to anti-CD22 Ig-dgRTA. Only 9/25 B-cell 
NHL patients receiving bolus anti-CD 1 9-blocked ricin 
developed antibodies to ricin and mouse Ig." 14 After 
multiple cycles of continuous infusion anti CD 19- 
blockecl ricin in 34 B-cell NHL patients, six patients 
developed anti-ricin antibodies, five patients had anti- 
mouse Ig antibodies, and 13 patients showed both 
antibodies — although levels were not reported." 1 ' 1 17 
B-ALL patients given intravenous anti-CDIO PAP did 
not develop immune? i espouses to either the PAP or 
mouse Ig components.' 18 In contrast, patients with 
small cell lung cancer given anti-CD56-blocked ricin 
almost uniformly developed anti-ricin antibodies 
(over 90% of patients)/ 11 All refractory Hoclgkin's 
disease patients given anti-CD 1 9-SAP developed anti- 
bodies to both SAP and mouse Ig." 19 Most patients with 
IL2-receptor positive malignancies receiving 
DAB 48G IL2 or DAB 38 i)3L2 had significant anti-diphthe- 
ria toxin titers. 37 " 1 ' 9 This immune response was 
expected, since the U.S. population is immunized in 
childhood with diphtheria toxoid. Immune responses 
after intravesicle TP 40 were not observed, presumably 
due to low systemic absorption of drug. 42 Systemic 
immune responses to interstitial transferrin-CRM 107 
were not reported, 43 

Response rates approaching 40% were observed in 
the second generation trials of leukemias and lympho- 
mas. Leukemia and lymphoma cells may be more 
easily reached by targeted toxins than solid tumor 
cells. Most solid tumors have poor blood supply, 
absent lymphatic drainage and large interstitial pres- 
sures.' 10 In contrast, clonal malignant stem cells for 
hematopoietic malignancies may circulate between 
blood, marrow and other organs. Bolus anti CD22 Ig 
dgRTA yielded 5/24 partial responses (PR) and bolus 
infusions of anti-CD22 Fab-dgRTA produced 4/16 PR 
in cvaluable patients with refractory B-cell NHL. 31 32 
Using anti-CD22 Ig-dgRTA in human immunodefi- 
ciency virus (HIV) positive patients with B-cell NHL, 
there were three complete responses (CR) among six 
evaluable patients/' 1 An eight-day continuous infusion 
of anti-CD22 Ig dgRTA in non HIV B-cell NHL 
patients at 9.6-28.8 mg/m 2 total dose yielded 4/16 
PR, 51 Bolus infusions of antl-CD 19-dgRTA produced 
one CR and one PR among 19 B-NHL patients, and 
continuous infusions of anti-CD 19-dgRTA produced 



311 



<L l\. Fiankv.I cj of 



one PR among 10 BNHL patients.^ 1 Ami-CD25- 
dgRTA produced one PR lasting 2 months in 14 
evaluable patients with refractory Hodgkin's disease.' 17 
Anti-CD 19-blocked ricin given as bolus daily infusion 
for five clays to 25 patients with B-ccll NHL produced 
one CR lasting 21 months and two PR/" The same 
drug continuously infused over seven days in 34 B-cell 
NHL patients produced two CR lasting 16 and 33 
months and three PR lasting 1-3 months. 34 Anti- 
CD30-SAP produced PR lasting 2-4 months in five out 
of 12 patients with advanced refractory Hodgkin's 
disease. 30 Among 26 children with B-ALL treated with 
five daily boluses of ant i CD 1 9-PAP, there were 6CR 
and 3 PR. 35 DAB, iyy IL2 was given by bolus infusion in 
several schedules to 109 patients with CD25 positive 
lymphoid malignancies, and there were three 
unmatntained CR of over 18 months' duration includ- 
ing one patient each with intermediate-grade NHL, 
cutaneous T-cell lymphoma and bone marrow trans- 
plant refractory Hodgkin's disease. In addition, eight 
PR lasting 2-12 months were noted. 38 DAB 389 IL2 has 
been given in 21 day cycles of five daily bolus infusions 
to patients with CD25 positive CTCL, NHL and 
Hodgkin's disease, 39 There were five CR and seven PR 
among 35 evaluable patients with CTCL. There was 
one CR and two PR among 1 7 patients with NHL. One 
of 10 evaluable patients with Hodgkin's disease, there 
have been no responses. Thus, even in the case of a 
smaller diffusable fusion toxin (60,000 daltons), in- 
vivo efficacy is reduced for solid tumors. Consistent 
with these observations, only one PR was observed in 
21 evaluable refractory small cell lung cancer patients 
treated with anti-CD56-blocked ricin. 41 Only one CR 
lasting 2 months was observed in 35 patients with 
metastatic carcinomas treated with LMB-1, 40 Intra- 
cavitary therapy was relatively ineffective both in the 
second generation intravesiele TP40 trial 42 and the 
previously reported intrathecal anti-transferrin recep- 
tor-rccombinant RTA study. 28 Among 43 patients with 
refractory superficial bladder cancer, no evidence of 
antitumor activity was seen in patients with Pa or Tl 
lesions (Ta: papillary tumors with no invasion of 
bladder wall; Tl: papillary tumors with lamina propria 
invasion). 42 Eight of nine patients with carcinoma in 
situ showed clinical improvement following TP40 
therapy, however urine and bladder washings con- 
linuecl to show malignant cells. In contrast, interstitial 
therapy using transferrin-CRM107 of 18 evaluable 
patients with unifocal brain neoplasms (12 glio- 
blastoma multiforme, six anaplastic astrocytoma) 
yielded two CR and 7 PR. The mean duration of 
response has not been reached and is greater than 40 



weeks. 1 ' Thus, while 1 conclusions about efficacy ai e 
premature from Phase i dose escalation studies, ;hesc 
observations suggest the best disease la i gels are (a) 
leukemias and lymphomas for systemic therapy and 
(b) local disease treated by regional therapy rather 
than cavitary treatment. 

Closer analysis .showed responders had lower initial 
tumor burdens than nonresponders. If patient tumor 
burden must fall below a critical value for long term 
remissions or cure, and targeted toxin therapy like 
chemoradiotherapy causes fractional or log cell kill, 
response rates would he expected to he higher when 
initial tumor burdens are lower.'* 2 Below a certain 
number, residual clonogenic tumor cells may not be 
able to expand perhaps due to host defenses;' ' 

Ongoing trials 

Between 1993 and 1995, three types of targeted toxin 
trials were initiated (Table 2). Novel potent fusion 
toxins and more efficacious immunotoxins are being 
used svstemically in four phase I studies in hopes that 
smaller or more potent toxic polypeptides will pene- 
trate tumors more effectively and yielded better 
clinical activity. Previously developed toxin conjugates 
are being used in cocktails or combined with chemo- 
therapy or bone marrow transplantation in 10 phase 
II trials to achieve greater log tumor cell kill. Finally, 
toxin conjugates are being used in three late phase 11 
and phase III trials in selected disease slates in which 
1-2 log cytorccluction of circulating target cel ls can 
improve patient well-being. 

A phase I dose-escalation study of DAB y8y EGF for 
treatment of patients with EOF receptor bearing 
advanced malignancies was recently commenced.'* 4 
To date 47 patients have been treated with 30-minute 
infusions of 0.3-15 pg/kg/day for five days every 28 
days for six cycles or with 30 minute infusions on days 
1, 8, 9, 15 and 16 every 28 days for six cycles. Twenty 
patients have received the 5 consecutive-day treat- 
ment and 27 have received the episodic treatment 
schedule. Dose-limiting toxicity has not been reached, 
but side effects including transient elevated < rea- 
tinine, transient elevated transaminases, fatigue, pain, 
chills, fever, hypotension, hypertension, nausea and 
vomiting have been experienced. There have been no 
responses to date, although 4 patients have stable 
disease. A fusion protein consisting of a single chain 
Fv (immunoglobulin variable fragment) reactive with 
Lewis v antigen coupled to a 38 kilodalton fragment of 
PE (LMB-7) is being given intravenously over 30 
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Conjugate 

Ani CDlObR 

AntiCDl9-l)R 

AntiCI) 19 bR 

AntiCD56-bR 

DAR, sq IL2 

DAB:;,,] 1.2 

Anti-CD 1<) PAP 

If CRM 107 

Aiiti-CDY-dgRTA 

Anti-CD25-dgRTA 

Anti-CDMSAP 

Anti-CD 19-SAP 

aCD19&22-dgRTA 

DAB, pi JiGF 

LMB-7 



nnmuimtoxii i trials* 



Disease 

_. _ 


Netting 

-- ■ 


kef 




NHL 


Post-AutoBMT 


55, SG 


NHL 


Refrac. with chr.mo 


5(3 


HIV+NHL 


With chemo 


57 


SCLC 


Refrac, with chemo 




CTCL 


Stages 1-111 


39 


Psoriasis 


Refractory 


GO 


BALL 


Willi chenio 


35 


Brain tumors 


Unifocal 


43 


T-ALL 


Refractory 


J. Kersey, unpublished 


1 lodgkin's 


Refract ory,CD25^ 


47 


Hodgkin's 


Post-AutoBMT 


3G 


B-ALL 


Refractory 


D. Havel], unpublished 


NHL 


Refractory 


51 


Carcinomas 


Refractory 


54 


Carcinomas 


Refractory 


40 



•Abbreviations a* in Table L HIV-NHL, HIV positive patients with NHL; TALL, T cell actur 
lymphoblastic leukemia; DAR^ y EOF, EGF fused to 389 amino arid fragment of DT: LMB-7, Ami I .cwW 
Fv-PE38KDF] AutoBMT, auto logons bone marrow transplantation; rhnmo, combination chpmt >i bprapv: 
aCDlU&22 d^Pl'A, cocktail of both immunotoxins. 



minutes on days 1, 3 and 5 every four weeks for 
patients with metastatic Lewis* positive carcinomas. 40 
To date eight colorectal cancer patients and one 
breast cancer patient have received 2-7 (Ag/kg doses 
without side effects. The t\ /2 was 60 minutes and the 
peak drug level was 90ng/ml. 70% of patients 
developed anti-PE antibodies. A third new targeted 
toxin phase I study tests anti-CD7-dgRTA in patients 
with refractory T-cell acute lymphoblastic leukemia 
(J. Kersey, unpublished data) . Six patients have 
received 0.05-0. 1 mg/kg/ day by one hour intra- 
venous infusions for five days. There have been 
no side effects or responses. Finally, anti-CD 19-SAP 
is given in a dose-escalation fashion to children 
with refractory B-ALL (D, Flavell, personal com- 
munication). 

A phase II study on anti-CDl9-blocked ricin has 
been conducted in minimal residual disease B cell 
NHL. 55 Patients must have relapsed after one or more 
chemotherapy regimens, had chemosensitive disease, 
undergo myeloablative therapy with cyclophospha- 
mide (60mg/kg/day for two days) and total body 
irradiation (200 cGy bid X 3 days) followed by rescue 
with antibody and complement purged autologous 
marrow grafts, and remain in complete remission 60 
days post-transplant. Seven day continuous infusions 
of 30-40 pg/kg/ day drug arc administered on a 1 4-28 
day cycle. To date 12 patients have been treated at 
40p.g/kg/day for seven-day infusions monthly and 49 
patients have received 30ug/kg/day for seven days 
every two weeks. 29/59 evaluable patients have 
developed antibodies to mouse Ig and ricin between 
day II and 200, and infusions were stopped once 



immune responses were documented. Toxicities 
included asthenia, anorexia, arthralgias, dyspnea, 
thrombopenia, hypotension, chills and thrombophle- 
bitis. 60% of patients remain in continuous complete 
remission an average of 3 years post -transplant. 4 hose 
results compare favorably with other transplant regi- 
mens forB-cell NHL. 56 Based on these results, Cancer 
and Acute Leukemia Group B (CALCB) began a 
48-center phase III trial (CALGB9254) in which 
relapsed or refractory B-cell NHL patients receive any 
myeloablative regimen followed by marrow or periph- 
eral stem cell rescue (with or without purging) and, 
once achieving a complete remission, half the patients 
receive anti CD19-blockcd ricin infusions for seven 
days at 30pg/kg/day for two courses between clay 60 
and 120 post-transplant. The study has accrued half 
the 232 patients needed for randomization/' 1 In a 
phase II study, anti-CDl 9-blocked ricin is being given 
in combination with ctoposide, vincristine, doxor- 
ubicin, cyclophosphamide, and prednisone (EPOCH) 
combination chemotherapy for relapsed B-cell 
NHL/' 1 To date, eight patients have been enrolled. 
The cytoreduction from combination targeted toxin 
and chemotherapy should lead to a greater log tumor 
cell kill. Similarly, a phase II sttidy of anti-CD19- 
blocked ricin in combination with low dose cyclophos- 
phamide, adriamycin, vincristine and prednisone 
(CHOP) combination chemotherapy is being given to 
HIV positive B-cell NHL patients in an effort to 
improve the short remission duration in this disease.''' 
Continuous infusion of 20 ug/kg/day for seven days is 
given, and to date. 46 patients have been enrolled. 
Another phase II study employs a nti-C 0564) locked 
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ricin for treatment of minimal residual disease small 
cell king cancer. 41 After six cycles of chemoiherapy 
and radioil iei apy for limited small cell lung cancer, 
responding patients are receiving drug by continuous 
infusion at 30 [ig/kg/day for seven days. Nine patients 
have been treated so far. and transaminase mi a, VIS, 
elevated scrum creatinine phosphokinase (CPK) and 
one episode of ventricular tachycardia have been 
observed. B-ALL patients with detectable 1 minimal 
residual disease after induction chemotherapy will be 
entered on a Children's Cancer Study Group (CCG) 
protocol employing five daily bolus infusions of anti- 
CD 19 PAP followed by consolidate chemotherapy. 35 
Refractory Hodgkin's disease patients will receive 
0.4mg/kg twice of anti-CD30-SAP one month after 
autologous bone marrow transplant. 36 Two other 
phase II studies of targeted toxins attempted to 
improve response rates by adapting treatment to the 
biology of the particular tumor. Anti-CD25-dgRTA will 
be tested at l5mg/m 2 total dose in patients with 
greater than 30% CD 25 positive Reed -Sternberg 
cells.*' This subset of patients showed a higher 
response rate in the phase I dose-escalation study, 
Higher antigen density should facilitate toxin binding 
and internalization. 58 A final phase II study employs a 
cocktail of two immunotoxins, anti-CD 1 9-dgRTA and 
anti CD22-dgRTA, to treat refractory B-cell NHL 
patients. 51 Anti-CD19 antibody induces cell activation 
and primes cells for apoptosis. 59 Further, more of the 
tumor cells express the combination of CD19 and 
CD22 antigens than either alone. Among the three 
patients treated so far, there is one PR and one 
minimal response. Interestingly, the t 1/2 's of the two 
conjugates are different. 

Three phase II-III trials will use targeted toxins in 
conditions where 1-2 log target cell depletion will 
result in significant disease palliation. Patients with 
stage la- III (stage la-limited plaques without nodal or 
visceral involvement, stage III-erythroderma without 
nodal or viseeral involvement) CTCL having received 
fewer than three previous therapies will be given five 
daily bolus infusions of 9 or 18 [ig/kg/day DAB 389 IL2 
on 21-day cycles for eight cycles. 39 The disease 
produces disfiguring skin lesions, with malignant cells 
circulating between the skin and bloodstream. Alter- 
native palliative treatments require elaborate equip- 
ment (extraeorporeal photophoresis) or have sig- 
nificant side effects (chemotherapy or radiotherapy). 
Another late phase II study is testing DAB3 SH IL2 at 5. 
10 or l5ug/kg/day for three days every 4 weeks for 
patients with psoriasis. A pilot phase I study of 
DAB 3fi(J IL2 at 2-9 [.ig/kg/day for 5 days monthly for 



six cycles yielded 10/24 paitial remissions. 1,0 Abnor 
mal psoriatic P cells inliltiate the skin and telease 
interferon y which induces kerai u loryic pi oli !ei a 
lion. 61 Alternative treatments (sieroids, methotrexate, 
cyclosporin) have not been proven efficacious and 
have significant side e fleets. Finally, pniients with 
glioblastoma multiforme and anaplastic astrocytoma 
who have received maximal surgery and radiotherapy 
have a very short survival with great morbidity due to 
locally growing tumor. These patients will be treated 
in a late phase II trial with two infusions of interstitial 
transferrin- CRM107. 43 Slowing tl le spread of l ! iese 
locally destructive neoplasms should improve both 
disease-free survival and overall survival. 

Future clinical strategies 

Toxicities to normal tissues have limited the ther- 
apeutic usefulness of a number' of targeted toxins. 
More careful screening of normal tissues prior to 
clinical testing, particular nervous system tissues, have 
reduced ligand-induced toxicities. However, in two 
trials preclinical cross-reactivities require careful clin 
ical monitoring. Anti-CD5G blocked ricin targets the 
neural cell adhesion molecule (NCJAM) antigen 
found on neural tissues 02 and hence 1 observations tor 
late neurological sequelae are necessary. Similarly, 
LMB-7 targets the Lewis* antigen present on GI tissues 
and severe gastritis has been encountered with BR96- 
DOX (antibody-doxorubicin conjugate) which targets 
the same antigen. u?> DAB 38 r,EGP may bind the EGF 
receptor on hepatocytes 04 and continued monitoring 
of liver function tests will be necessary. Transferrin- 
CRM107 may be toxic to normal brain capillaries M 
and hence careful monitoring for acute and chronic 
CNS toxicities will be required in the interstitial 
therapy study. Most of t lie other targeted toxins in 
trials are directed towards differentiation antigens on 
hematopoietic tissues and have minimal cross reac- 
tivity with other normal tissues. The major toxicity of 
targeted toxins independent of ligand continues to be 
VLS. While the smaller size of fusion toxins may 
reduce vascular endothelial exposure, adequate closes 
to produce clinical benefit are likely to expose the 
endothelial cells to toxic levels of drug. ///-wY/u models 
of VLS suggest endothelial cells are sensitive to toxins, 
but fail to provide methods of prevention. While no 
animal model exactly reproduces human VLS. a 
syndrome of hydro thorax, hypoalbuminemia, he mo- 
concentration and neutrophilia has been described in 
rats after intravenous injection of anti Lewis 7 Fv- 
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PI:40. bh The syndrome was prevailed by prophylaxis 
wrdi steroids or non steroidal an li- inflammatory drugs 
(NSAIDs). 07 No molecular mechanism was demon- 
strated . Anti-CD30-SAP is being administered to 
patients with refractory Hoclgkin's disease one month 
post-auiologous bone marrow transplant with 8 mg/ 
kg methylprednisolone daily starting 24 hours before 
immunotoxin thcrapy.In the first two patients treated 
no VLS has been observed. 36 

Poor tumor penetration continues to plague tar- 
geted toxin therapy. In-viiro studies with multicellular 
tumor spheroids and mathematical models using data 
from other proteins suggest smaller-sized fusion tox- 
ins and permeability enhancers — such as cisplatinum 
or hyaluronidase — may improve tumor uptake. 1,9,09 

Immunotoxins and fusion toxins generate humoral 
immune responses in most patients except immuno- 
suppresscd patients with B-cell neoplasms. Although 
anti-toxin may not block killing of circulating tumor 
cells, the immune complexes likely inhibit extrava- 
scular tumor uptake and limit effective treatment 
periods for non-hematologic malignancies. Immuno- 
dominant neutralizing epitopes have been identified 
for both PE'° and ricin 71 and may serve as targets for 
genetic engineering. 15-deoxyspergualin and 
CTLA4Ig (a chimeric immunoglobulin fusion protein 
incorporating the extracellular domain of CTLA-4 
retaining the high binding avidity for B7/BB1; 
induces blockade of a costimulatory pathway on T 
cells) given systemically reduce humoral immune 
responses to foreign proteins in animals and patients 
and may permit repeated treatment schedules with 
immunotoxins and fusion toxins. 72,73 Finally, the use 
of human ribo nucleases as the toxophore may be an 
additional method for reducing conjugate 
immunogenicity. 7 ' 1 

Efficacy of targeted toxins in patients may be 
greatest where cytoreductions of several logs of target 
cells can produce a change in clinical condition. As 
noted above, trials in early stage CTCL, refractory 
unifocal gliomas, or minimal residual disease leuke- 
mia, lymphoma, Hodgkin's disease or small cell lung 
cancer may provide such a setting. A number of 
autoimmune disorders appear to respond to intra- 
vascular depletion of activated T lymphocytes includ- 
ing graft-versus-host disease, 70 rheumatoid arthritis, 76 
early type I diabetes mellitus,' and, most recently, 
psoriasis. 60 Another presumed autoimmune disease 
with horrendous morbidity is multiple sclerosis and 
this may be a candidate for targeted toxin clinical 
trials, especially with MRI monitoring of disease 
activity/ 8 
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Conclusions 

Protein engineering to optimize drug design and 
selection of disease states based on luinoi fell biology 
is leading to a niche for targeted toxin therapy in the 
treatment of minimal residual disease ieukemias and 
lymphomas and small volume residual brain tumors. 
A number of autoimmune diseases may be belter 
controlled with intermittent use of targeted toxins 
than chronic use of immunosuppressants. Applica- 
tions of cocktails of targeted toxins and combination 
therapy with chc mo radiation may eventually I earl to 
use of these agents in the front-line treatment of a 
number of malignant diseases. 
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Abstract 



Pokeweed antiviral protein (PAP) and the A-chain of ricin (RTA) are two members of a 
family of ribosome-inactivating proteins (RIPs) that are characterised by their ability to 
cata lytica lly depurinate eukaryotic ribosomes, a modification that makes the ribosomes 
incapable of protein synthesis. In contrast to RTA, PAP can also inactivate prokaryotic 
ribosomes. In order to investigate the reason for this differing ribosome specificity, a series 
of PAP/RTA hybrid proteins was prepared to test for their ability to depurinate prokaryotic 
and eukaryotic ribosomes. Information from the X-ray structures of RTA and PAP was used 
to design gross polypeptide switches and specific peptide insertions. Initial gross 
polypeptide swaps created hybrids that had altered ribosome inactivation properties. 
Preliminary results suggest that the carboxy-terminus of the RIPs (PAP 219-262) does not 
contribute to ribosome recognition, whereas polypeptide swaps in the amino-terminal half 
of the proteins did affect ribosome inactivation. Structural examination identified three 
loop regions that were different in both structure and composition within the amino- 
terminal region. Directed substitution of RTA sequences into PAP at these sites, however, 
had little effect on the ribosome inactivation characteristics of the mutant PAPs, suggesting 
that the loops were not crucial for prokaryotic ribosome recognition. On the basis of these 
results we have identified regions of RIP primary sequence that may be important in 
ribosome recognition. The implications of this work are discussed. 
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We have isolated and sequenced partial cDNA clones that encode SO-6, a ribosome-inaetivating protein from Saponaria officinalis. A 
cDNA library was constructed from the leaves of this plant and screened with synthetic oligonucleotide probes representing various 
portions of the protein. The deduced amino acid sequence shows the signal peptide and a coding region virtually accounting for the 
entire amino acid sequence of SO-6. The sequence reveals regions of similarity to other ribosome- inactivating proteins, especially in a 
region of the molecule where critical amino acid residues might participate in the active site. 
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ABSTRACT 



We have expressed in Escherichia coli five isoforms of saporin, a single-chain ribosome-inactivating proten 
Translation inhibition activities of the purified recombinant polypeptides in vitro were compared with those 
recombinant dianthin 30, a less potent and closely related RIP, and of ricin A chain. Dianthin 30, and a sapc: 
encoded by a cDNA from leaf tissue (SAP-C), both had about one order of magnitude lower activity in Iran: 
inhibition assays than all other isoforms of saporin tested. We recently demonstrated that saporin extracted I 
Saponaria officinalis binds to alpha2-macroglobulin receptor (alpha2MR; also termed low density lipoprote 
related-protein), indicating a general mechanism of interaction of plant RIPs with the alpha2MR system |Ca 
Nykjaer, Nielsen and Soria (1995) Eur. J. Biochem. 232, 165-17 1 ]. Here we report that SAP-C bound to alp 
equally well as native saporin. However, the same isoform had about ten times lower cytotoxicity than the c 
isoforms towards different cell lines. This indicates that the lower cell-killing ability of the SAP-C isoform i 
due to its altered interaction with the protein synthesis machinery of target cells. Since saporin binding to th 
is competed by heparin, we also tested in eel I- killing experiments Chinese hamster ovary cell lines defect ivt 
expression of either heparan sulphates or proteoglycans. No differences were observed in cytotoxicity using 
saporin or the recombinant isoforms. Therefore saporin binding to the cell surface should not be mediated b 
with proteoglycans, as is the case for other alpha2MR ligands. 
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ABSTRACT The cDNA encoding the B chain of the plant 
toxin ricin has been cloned and expressed in monkey kidney 
COS-M6 ceils. The recombinant B chain was detected by 
labeling the transfected cells with [ 35 S]methionine and [ 35 S]- 
cysteine and demonstrating the secretion of a protein with a M T 
of 30,000-32,000 that was not present in the medium of 
mock-transfected COS-M6 cells. This protein was specifically 
immu no precipitated by an anti-ricin or anti-B-chain antibody 
and the amount of recombinant B chain secreted by the 
COS-M6 cells was determined by a radioimmunoassay. Vir- 
tually all of the recombinant B chain formed active ricin when 
mixed with native A chain; it could also bind to the galactose- 
containing glycoprotein asialofetuin as effectively as native B 
chain. These results indicate that the vast majority of recom- 
binant B chains secreted into the medium of the COS-M6 cells 
retain biological function. 



Ricin is a potent toxin produced by beans of the plant Ricinus 
communis. The toxin consists of two disulflde-bonded sub- 
units (A and B), each with a M x of =*32,000 (1-3). The B chain 
is a galactose-specific lectin that mediates binding of the toxin 
to a wide variety of cells (2-4). After binding and internal- 
ization of ricin, the A chain translocates across the membrane 
of an endocytic vesicle into the cytoplasm where it catalyt- 
ically inactivates 60S ribosomal subunits (2-4) and thereby 
inhibits protein synthesis and causes cell death. 

The A chain of ricin has been purified biochemically and 
conjugated to monoclonal antibodies reactive with normal 
and neoplastic cells using disulfide-containing crosslinkers 
(reviewed in refs. 5-7). Such conjugates or immunotoxins 
(ITs) have been used to kill cells, both in vitro and in vivo (8). 
Many A-chain-containing ITs (IT-As) are less potent than 
ricin-containing ITs (IT-Rs) (6, 7). There is evidence to 
suggest that this reduced toxicity is due to the absence of B 
chain, which has a second function — i.e., it can enhance the 
translocation of A chain into the cytosol where it exerts its 
cytotoxic effect (9, 10), The use of IT-Rs in vivo has been 
limited by their marked nonspecific toxicity. To provide the 
A-chain-enhancing function of B chain, IT-As have been used 
in the presence of free B chain (9, 10) or B-chain-containing 
ITs (IT-Bs) (11, 12). Both approaches enhance the specific 
toxicity of IT-As in vitro and free B chains can also enhance 
specific killing by IT-As in vivo (13). With regard to IT-Bs, 
some lectin activity remains that could lead to nonspecific 
interactions in vivo. Recent data (14, 15) indicate that lectin 
activity may not be essential for the A-chain-enhancing 
function of B chain but other data argue against this conclu- 
sion (6, 9). A definitive answer to whether or not the 
galactose-binding sites on the B chain play a role in A-chain- 
enhancing function requires deleting the galactose-binding 
site on the B chain prior to preparing and testing a IT-B. To 
this end, we have cloned and expressed a functional ricin 
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B-chain cDNA to carry out site-specific mutagenesis of the 
galactose-binding site. Our results indicate that recombinant 
B chain can be expressed in small amounts in monkey 
COS-M6 cells and that the B chain has A-chain-enhancing 
function and lectin activity. 

MATERIALS AND METHODS 

cDNA Cloning. Castor bean seeds were obtained from a 
local source. Total RNA was isolated from the endosperm of 
maturing seeds by homogenizing in 4 M guanidinium 
thiocyanate; this was followed by sedimentation through 5.7 
M CsCI. Poly(A) + mRNA was purified by chromatography 
on oligo(dT)-cellulose (16). Two micrograms of this mRNA 
was employed as a template in cDNA cloning procedures 
described by Okayama and Berg (17). Double-stranded 
cDNAs were used to transform Escherichia coli K-12 (strain 
HB101), and —3 x 10 5 independent transformants were 
obtained from the starting mRNA. To identify ricin cDNA 
clones, 3 x 10 4 colonies were plated on nitrocellulose filters 
and screened with a mixture of oligonucleotides 20 bases in 
length representing all possible mRNA sequences encoding 
amino acids 495-501 (Trp-Met-Phe-Lys-Asn-Asp-Gly). This 
protein sequence corresponds to the COOH terminus of the 
B chain (2). Colonies hybridizing to this probe were then 
rescreened with a unique probe (AGGATCCATACAAAC- 
ATCAGC) corresponding to amino acids 280-287 at the NH 2 
terminus of the B chain, as derived from the DNA sequence 
of a ricin cDNA (18). Colonies hybridizing to both probes 
were characterized by restriction enzyme mapping and DNA 
sequencing. Both ricin and agglutinin were identified by these 
methods. A ricin cDNA clone encoding the complete B chain 
and part of the A chain was used in the subsequent genetic 
engineering of the plasmid. 

Construction of Ricin B-Chain Expression Vector. A plas- 
mid containing an insert capable of expressing the ricin B 
chain in mammalian cells was constructed using standard 
techniques (16). Briefly, a synthetic DNA fragment of 82 base 
pairs (bp) containing an Xba I site at the 5' end and a BamWl 
site at the 3' end and encoding a 21 amino acid signal 
sequence for the low density lipoprotein receptor (LDLR) 
(19) and 5 amino acids of the NH 2 terminus of the B chain was 
synthesized as two complementary oligonucleotides. One 
microgram each of the oligonucleotides was hybridized in 30 
fi\ of 10 mM Tris-HCI, pH 8.0/1 mM EDTA/300 mM NaOAc 
for 16 hr at 42°C. The resulting double-stranded DNA was 
phosphorylated at the 5' end using an excess of ATP and T4 
polynucleotide kinase. A cDNA fragment encoding amino 
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acids 285-541 of the ricin B chain and 250 bp of 3' untrans- 
lated sequence was excised from a ricin cDNA clone by a 
complete Pvu II digestion and partial BamW\ digestion. 
Equimolar amounts of the 82-bp and the 1021-bp cDNA 
fragments were then ligated with an equimolar amount of a 
derivative of the pCD-X expression vector (20). This vector 
contains a simian virus 40 (SV40) early region promoter and 
the SV40 late region transcription termination and poly(A) 
sites. The desired expression vector (pES-B, Fig, 1) contain- 
ing both the synthetic DNA encoding the signal sequence and 
the ricin B-chain cDNA fragment in the proper orientation 
was selected by colony hybridization after transformation of 
E. coli HB101. The plasmid was further characterized by 
restriction mapping and DNA sequencing of the cloning 
junctions. 

Cell Growth and Transfection. COS-M6 cells (21, 22) were 
provided by Tim Osborne of this institution. Cells were 
grown in high-glucose (4 g/liter) Dulbecco's modified Eagle's 
medium (DMEM) containing 10% fetal calf serum, penicillin, 
streptomycin, and L-glutamine. Transfection of COS-M6 
cells was carried out using a DEAE-dextran-chloroquine 
procedure (23). Briefly, COS-M6 cells at 3 x 10 5 cells per ml 
were transfected with 5 pig of plasmid DNA per ml. Following 
transfection, cells were washed with Tris-buffered saline 
(TBS; pH 7.4) and incubated in DMEM for 40 hr, after which 
the medium was replaced with fresh, cysteine-free and 
methionine-free DMEM containing 0.1 M galactose and 1 g of 
glucose per liter. [ 35 S]Cysteine and [ 35 S]methionine were 
then added to the medium at a specific activity of 400 ptCi/ml 
(1 Ci = 37 GBq). After 8 hr, the medium was collected and 
assayed for the presence of B chain as described below. 
Medium used for the analysis of lectin activity and toxicity of 
reconstituted ricin contained unlabeled cysteine (48 mg/liter) 
and methionine (30 mg/liter), 

Immunoprecipitation. Immunoprecipitation was carried 
out with rabbit anti-ricin (RAR), rabbit anti-ricin B chain 
(RAB), or rabbit anti-ovalbumin (RAOVA) antibodies com- 
plexed to goat anti-rabbit Ig (GARIg) (immunocomplexes) 

(24) . The RAR was raised against boiled ricin and recognizes 
both native and denatured A and B chains (14). In radioim- 
munoassays (RIA) it is about 2-fold more active against 
denatured than native B chain. One hundred microliters of 
the immune complex suspension was added to 500 y\ of 
COS-M6 medium and incubated by continuous rotation for 1 
hr at 4°C. Immunocomplexes were sedimented through 
sucrose gradients (24). The resulting pellet was washed in 0.5 
ml of phosphate-buffered saline (PBS), dissolved in 40 ptl of 
sample buffer (125 mM Tris-HCI, pH 6.8/2.5% NaDodS0 4 / 
5% 2-mercaptoethanol), and analyzed by NaDodS0 4 /PAGE 

(25) . 

Detection of B Chain by RIA. Media from mock-transfected 
or transfected COS-M6 cells were concentrated 10- to 20-fold 
by centrifugation through an Amicon Centricon 10 micro- 
concentrator. The molar concentration of B chain was then 
determined by RIA as described (26). A standard curve was 
constructed using the values obtained with the native B chain 
and the concentration of recombinant B chain was deter- 
mined from this curve. The assay could detect 0.01 nM B 
chain. 

Lectin Activity Analysis. The lectin activity of secreted 
recombinant B chain in the medium of the COS-M6 cells was 
determined by a RIA (14). Briefly, wells of microtiter plates 
were coated with asialofetuin (ASF), a galactose-rich glyco- 
protein. Native B chain (in PBS or in medium from mock- 
transfected COS-M6 cells), medium from pES-B-transfected 
cells, or medium from mock-transfected cells was added to 
the plates and binding was subsequently detected with 
l25 I-labeled RAR. Negative controls included ovalbumin 
(OVA; a protein with no lectin activity) or PBS, The assay 
could detect 0.01 nM B chain. 



Ricin Formation. The ability of recombinant or native ricin 
B chain and native A chain to reform toxic ricin was 
evaluated in two ways. (/) One milliliter of 3S S-labeled media 
was dialyzed against PBS/2-mercaptoethanol. This was 
mixed with 1 pig (0.03 ptM) of unlabeled, reduced native A 
chain. Controls included medium alone, native lz? I-labeled B 
chain alone, and native 125 I-labeled B chain mixed with native 
A chain. The mixture was dialyzed at 37°C for 16 hr. 
Following incubation, the mixture was immunoprecipitated 
with monoclonal antibody anti-ricin A-chain (mAb- 
anti-A)-goat anti-mouse Ig (GAMIg) immunocomplexes as 
described above. The washed immune complexes were 
dissolved in sample buffer without reducing agent and ana- 
lyzed by NaDodS0 4 /PAGE (25). (//') Concentrated media 
from unlabeled COS-M6 cells were dialyzed for 16 hr against 
PBS at 4°C to remove galactose. Fifty microliters of this 
medium containing no B chain (mock-transfected COS-M6 
cells) or 0.3 nM recombinant B chain (transfected COS-M6 
cells) was mixed with 1 pig of A chain per ml (0.03 piM) for 
1 hr at 37°C. Native B chain at concentrations of 0.01-1 nM 
was used as a positive control. Additional negative controls 
included A chain alone, native B chain alone, medium from 
transfected cells alone (recombinant B chain), or medium 
from mock-transfected cells plus native A chain. Daudi cells 
(10 5 ) in 100 /xl were then added and cultured for 40 hr. After 
this time, cells were labeled with [ 3 H]leucine for 4 hr. 
Incorporation of [ 3 HJIeucine into protein was determined by 
harvesting the cells on a multiple automated harvester and 
counting the radioactivity in a liquid scintillation spectrom- 
eter. The assay could detect 1 pM B chain. 

RESULTS 

Rationale for the Construction of a Ricin B-Chain Expres- 
sion Vector. In the endosperm of castor bean seeds, the ricin 
B-chain gene is normally expressed as part of a preproricin 
precursor containing a signal sequence (24 amino acids) and 
a 12 amino acid linker between the A and B chains (18). The 
preproricin molecule is processed posttranslationally to yield 
an A chain that is disulfide bonded to B chain. The ricin B 
chain itself has four intrachain disulfide bonds and two 
glycosylation sites (2). In the absence of galactose, it under- 
goes conformational changes resulting in gradual loss of 
lectin activity, which is accelerated at 37°C (E. Wawrzyn- 
czak, P, E. Thorpe, and E.S.V., unpublished results). Our 
aim was to construct an expression vector that would yield a 
B chain with optimal tertiary structure and intrachain disul- 
fide bonds. To this end, a signal sequence was ligated 5' to the 
coding sequence of the B chain to facilitate processing, 
glycosylation, and secretion of soluble B chain (Fig. 1). 
Although the ricin cDNA contains a signal sequence (18), it 
was not clear whether this sequence would be recognized by 
the appropriate enzymes in the COS-M6 cells. Since LDLRs 
have been successfully expressed in COS-M6 cells (19) and 
the NH^-terminal amino acid of the LDLR is the same as that 
of the ricin B chain (alanine), it was postulated that the 
COS-M6 cells would effectively cleave the signal sequence. 
We also included galactose in the COS-M6 cell medium 
during expression to preserve the lectin function of the B 
chain at 37°C and prevent it from binding back to the COS-M6 
cells. 

Detection of Ricin B Chain in the Medium of COS-M6 Cells. 

To analyze proteins secreted into the medium by pES-B- 
transfected and mock-transfected COS-M6 cells, we labeled 
cells with [ 35 S]methionine and f 3S S]cysteine and then precip- 
itated media with 10% trichloroacetic acid. The trichloroace- 
tic acid precipitates were dissolved, reduced, and electro- 
phoresed on NaDodS0 4 /polyacrylamide gels. As shown in 
Fig. 2, lane B, mock-transfected COS-M6 cells secreted a 
variety of proteins ranging in M r from 12,000 to 200,000. As 
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Fig. 1. Construction of the ricin B-chain expression vector. An expression vector containing B chain DNA was assembled by means of a 
three-fragment ligation. The vector backbone was a derivative of PCD-X (21) containing an Xba I site at the 3' end of the SV40 early region 
promoter. An 82-bp fragment encoding the 21 amino acids of LDLR signal sequence (20) and the first five residues of the ricin B chain was 
synthesized as two oligonucleotides on an Applied Biosystems model 380A DNA synthesizer. The nucleotides were hybridized and then 
phosphorylated at their 5' ends with ATP and T4 polynucleotide kinase. A third DNA fragment encoding the remaining 267 amino acids of the 
ricin B chain was isolated from a ricin cDNA plasmid. These three DNA fragments were mixed in an equimolar ratio and ligated with T4 DNA 
ligase. After transformation into E. coli HB101, the desired expression vector was identified by colony hybridization and characterized 
extensively by restriction endonuclease mapping and DNA sequencing. 



seen in lane C, a similar array of proteins was secreted by the 
transfected cells, but, in addition, there was a protein of 
=30,000-32,000 M T that was not present in lane B. 

Immunoprecipitation of COS-M6 Cell Medium. To deter- 
mine whether the M T 30,000-32,000 molecule secreted by the 
pES-B-transfected COS-M6 cells was ricin B chain, media 
from transfected and mock-transfected COS-M6 cells were 
treated with immunocomplexes containing antibodies direct- 
ed against ricin, ricin B chain, and OVA (control). Approx- 
imately 3-5% of the acid-precipitable radioactivity in the 
medium of the pES-B transfected COS-M6 cells was specif- 
ically immunoprecipitated by RAR or RAB (data not shown) 




Fig. 2. Trichloroacetic acid-precipitable 33 S-labeled proteins 
released into the medium of COS-M6 cells. Media from the mock- 
transfected or pES-B-transfected cells were precipitated with 10% 
trichloroacetic acid. Precipitates were dissolved, reduced, and elec- 
trophoresed on 12% NaDodSO* slab gels. The gels were fluoro- 
graphed in Enhancer solution (DuPont, New England Nuclear) and 
dried. Lanes: A, size markers (shown as M T x 10" 3 ); B, medium from 
mock-transfected cells; C, medium from pES-B-transfected cells. 
The position of the B chain is noted by the arrow. 



antibodies. Immunoprecipitates were washed, dissolved, and 
electrophoresed in 12% NaDodS0 4 /polyacrylamide gels. As 
shown in Fig. 3, only the native B chain (lane F) and the 
30,000-32,000 M r protein from the transfected cells (lane E) 
were specifically precipitated. No proteins were immunopre- 
cipitated with the anti-OVA immunocomplexes (lanes B and 
C) nor were any proteins recognized by the anti-ricin anti- 
bodies in the media of moc A>transfected cells (lane D). These 

ABC D E F 
200- ~* 

92.5- Mi 
G9-m 




Fig. 3. Immunoprecipitation of the medium of pES-B- 
transfected COS-M6 cells. Immunocomplexes consisting of RAOV A 
and GARlg or RAR and GARlg were added to 500 /xl of medium or 
20 ng (0.6 nM) of 12 -I-labeled B chain. All samples were im- 
munoprecipitated in 0.1 M galactose. The immunoprecipitates were 
washed, dissolved, and electrophoresed on 12% NaDodSO^ slab 
gels. The bands were visualized by fluorography. Lanes: A, size 
markers (shown as M T x 10 3 ); B and C, RAOVA immunoprecipi- 
tates of medium from mock-transfected (lane B) and pES-B- 
transfected (lane C) cells; D and E, RAR immunoprecipitates of 
medium from mock-transfected (lane D) and pES-B-transfected (lane 
E) cells; F, 123 I-labeled native B chain. Similar results were obtained 
using RAB instead of RAR (data not shown). 



Biochemistry: Chang et ai 

results indicate that the 30,000-32,000 M r protein secreted by 
the pES-B-transfected cells has the antigenicity of ricin B 
chain. The slower mobility of this protein under reducing 
conditions versus nonreducing conditions (data not shown) 
indicates that the secreted protein has intrachain disulfide 
bonds. As determined by RIA, the amount of B chain in the 
medium before concentration was 0.03-0.5 nM and, hence, 
is lower by a factor of about 10 than most proteins secreted 
by transfected COS-M6cells (27). In the immunoprecipitates, 
the molecular weight of recombinant B chain was slightly 
larger than that of native B chain, which may be due to 
glycosylation differences when synthesized in plant versus 
mammalian COS-M6 cells or by the failure of the COS-M6 
cells to cleave the entire signal sequence at the 5' end of the 
B-chain coding sequence. 

Reconstitution of Recombinant B Chain with Native A 
Chain. To test the ability of recombinant B chain to form 
active ricin when mixed with native A chain (28-31), reduced 
A chain (or controls; see Materials and Methods) was mixed 
with reduced medium from 35 S-Iabeled, pES-B-transfected 
COS-M6 cells and dialyzed for 16 hr at 37°C against PBS in 
the presence of 0.1 M galactose. The medium was precip- 
itated with immunocomplexes containing mAb-anti-A (32) 
(which does not react with native or denatured B chain). 
Washed immunoprecipitates were analyzed under nonreduc- 
ing conditions by NaDodS0 4 /PAGE. As shown in Fig. 4, a 
molecule containing A and B chains with a molecular weight 
similar to that of ricin was observed only in those samples 
containing mixtures of medium from 35 S-labeled, pES-B- 
transfected cells and native A chain (lane C) or 125 I-labeled 
native B chain and native A chain (lane E). These data 
indicate that the recombinant B chain forms a covalent 
heterodimer with the native A chain. 

To determine whether the recombinant B-chain-native A 
heterodimer was toxic to cells, medium from unlabeled, 
pES-B-transfected COS-M6 cells (containing a known con- 
centration of B chain as determined by RIA) was mixed with 
native A chain and tested for its toxicity to Daudi cells. The 
positive and negative controls are described in Materials and 
Methods. In a representative experiment shown in Table 1, 
medium containing 0.3 nM recombinant B chain effectively 
reconstituted the toxic activity of ricin when mixed with 
native A chain. In comparing this toxicity with that of native 
B chain mixed with the same concentration of native A chain, 
the concentration of recombinant B chain forming ricin was 
estimated to be —0.4 nM, which was similar to the concen- 
tration of B chain in the medium as determined by RIA. This 
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Fig. 4. Reconstitution of ricin heterodimers from native A chain 
and "S-labeJed medium of pES-B-transfected COS-M6 cells. One 
microgram (0.03 ^iM) of native, reduced, unlabeled ricin A chain was 
mixed with the reduced medium and dialyzed against PBS for 16 hr 
at 37°C. Immunocomplexes (100 ^il) consisting of mAb-anti-A and 
GAMIg (lanes B-F) were added to the mixture. The immunoprecip- 
itates were washed, dissolved, and electrophoresed on 12% 
NaDodS0 4 slab gels. Bands were visualized by fluorography. Lanes: 
A, size markers (shown as M T x 10" 3 ); B, 1 ml of medium from 
3S S-labeled mock-transfected cells incubated with 1 fig of unlabeled 
native A chain; C, 1 ml of medium from pES-B-transfected cells 
incubated with unlabeled native A chain; D, 1 ml of medium from 
pES-B-transfected cells incubated alone; E, native 125 I-labeled ricin 
B chain incubated with unlabeled native A chain; F, native l2S I- 
labeled ricin B chain incubated alone. 
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Table 1. Toxicity of ricin formed by recombinant B chain and 
native A chain 







% of control 




B chain, 


protein 


Addition to Daudi cells 


nM 


synthesis* 


None 


0 




Native B chain 


5 


99 


A chain 


0 


100 


+ mock-transfected medium 


0 


100 


+ transfected medium 


0.3 + 


13 


+ native B chain 


0.5 


16 


+ native B chain 


1 


0.7 



Aliquots of concentrated media were mixed with native A chain (1 
/xg/ml or 0.03 /iM) in 96-well microliter cell culture plates at 37°C for 
1 hr; this was followed by addition of Daudi cells. Cells were 
incubated for 40 hr at 37°C in a CO : incubator. The ability of 
recombinant B chain in medium from pES-B-transfected cells to 
reform ricin with native A chain and kill Daudi cells was measured 
by pHjleucine incorporation. A representative experiment (one of 
six) is shown. The native B chain used in this experiment has an IC W 
of >0.1 /iM when cultured for 40 hr with Daudi cells. 
*No addition = 320,722 ± 3720 cpm per 10- s cells. 
+ As determined by RIA. 

observation suggests that virtually all of the recombinant B 
chain could form heterodimers with native ricin A chain and 
these heterodimers were as toxic to cells as those formed with 
the two native polypeptides. This finding suggests that the 
recombinant B chain has both lectin and potentiating activity 
for the A chain. 

Analysis of the Lectin Activity of Recombinant B Chain. 
Native B chain binds to galactose-containing glycoproteins 
and glycolipids. To test the ability of recombinant B chain to 
bind to the galactose-containing protein ASF, a RIA was 
utilized as described in Materials and Methods. As shown in 
Table 2, medium containing 5 nM recombinant B chain bound 
to the galactose-containing ASF and this binding was 
inhibitable by 0.1 M galactose. The addition of medium from 
mock-transfected cells to native B chain reduced its binding 
to ASF by 36%, presumably due to the complexing of native 
B chain with secreted proteins in the medium of the COS-M6 
cells. Thus, in comparing the concentration of the B chain in 
the medium of the transfected cells to native B chain that 

Table 2. Lectin activity of ricin B chain in the medium of 
pES-B-transfected COS-M6 cells 



cpm 





B chain, 


No 


0.1 M 


Sample 


nM 


galactose 


galactose 


OVA (5 nM) 


0 


0 


ND 


Mock-transfected 








medium 


0 


0 


ND 


Transfected medium 


5* 


1606 


0 


Native B chain 


5 


2445 


0 


+ mock-transfected 








medium 


5 


1554 


0 



Microliter plates (96-well) were coated with 10 fig of ASF and 
washed five times in distilled H : 0. The concentrated media were 
added to ASF-coated plates and incubated for 2 hr at room temper- 
ature. The amount of ricin B chain bound to ASF was detected by 
adding ^l-labeled RAR to the wells. The effect of galactose on 
binding to ASF was measured by adding 0.1 M galactose to the 
medium or native B chain during the 2-hr incubation period with 
ASF. This is one experiment of two performed. The cpm in the PBS 
control (270 cpm) have been subtracted from all values. ND, not 
determined. 

*As determined by RIA. The concentrations of B chain were 
determined from the linear portion of the standard curve (limit of 
detection, 0.01 nM). 
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bound to the ASF substrate in the presence of medium from 
mock-transfected cells (Table 2), all of the recombinant 
B-chain molecules appear to have lectin activity. 

DISCUSSION 

In the present study, we have described the cloning and 
expression of ricin B chain in a transient expression system — 
i.e., monkey COS-M6 cells. The recombinant B chain reacts 
with antibody to ricin B chain, retains lectin activity, and can 
dimerize with A chain to form toxic ricin. By quantifying the 
amount of recombinant B chain in the medium of the 
transfected cells by a sensitive RIA and by constructing 
dose-response curves for the functional studies in question, 
it was possible to determine quantitatively the retention of 
biological activity of the recombinant B chain. The results 
suggest that the B chain has full biological activity, although 
it was expressed at low levels (0.1 nM) compared to other 
proteins expressed in this cell line. These low levels could be 
due to binding of the B chain to intracellular or cell-surface 
glycoproteins or glycolipids during transport and secretion, 
toxicity to the cells, degradation by secreted proteases, or 
improper posttranslational processing. 

Recent studies (14, 15) indicate that the ability of the B 
chain to potentiate the toxicity of a IT-A is retained when it 
is targeted to cells as a IT-B, even when the lectin activity is 
destroyed by chemical modification. Hence, it would be 
desirable to produce a IT-B (to be used in conjunction with 
a IT-A) in which the galactose-binding sites of the B chain 
have been selectively eliminated. The development of a 
system for expressing recombinant B chain with both A- 
chain-enhancing function and lectin activity makes this 
approach possible. Moreover, the amino acids in the galac- 
tose-binding sites of the B chain have been identified by x-ray 
crystallography (33). If a lectin-deficient ricin B chain with 
A-chain-potentiating activity could be generated, a IT-B 
prepared with this B chain could then be utilized in conjunc- 
tion with a IT-A as a highly specific therapeutic agent. 

We thank Dr. C. Geoff Davis for the COS-M6 cell transfection 
protocol, Ms. L. Trahan, Ms. N. Yen, Ms. R. Nisi, Ms. B. Smith, 
and Mr. Y. Chinn for technical assistance, and Ms. G. A. Cheek for 
secretarial assistance. We are grateful to Drs. P. E. Thorpe and R. J. 
Fulton for helpful comments concerning the manuscript. This work 
was supported by NIH Grants CA-28149, CA-41081, HL-20948 and 
a grant from the Robert A. Welch Foundation (1-0947). 

1. Olsnes, S. & Pihl, A. (1981) Pharmacol. Ther. 15, 355-381. 

2. Olsnes, S. & Pihl, A. (1982) in Molecular Action of Toxins and 
Viruses, eds. Cohen, P. & van Heyningen, S. (Elsevier, New 
York), pp. 51-105. 

3. Olsnes, S., Saltvedt, E. & Pihl, A. (1974) 7. Biol. Chem. 249, 
803-810. 

4. Olsnes, S. & Sandvig, K. (1983) in Receptor-Mediated 
Endocytosis. eds. Pastain, 1. & Willingham, M. (Plenum, New 
York),' pp. 189-236. 



5. Vitetta, E. S. & Uhr, J. W. (1985) Annu. Rev. Immunol. 3, 
197-212. 

6. Neville, D. M., Jr., & Youle, R. J. (1982) Immunol. Rev. 62, 
75-91. 

7. Thorpe, P. E. & Ross, W. C. J. (1982) Immunol. Rev. 62, 
119-158. 

8. Blakey, D. C, Wawrzynczak, E. J., Wallace, P.M. & 
Thorpe, P. E. (1987) Progress in Allergy: Monoclonal Antibod- 
ies, in press. 

9. Youle, R. J. & Neville, D. M., Jr. (1982) J. Biol. Chem. 257, 
1598-1601. 

10. Mcintosh, D. P., Edwards, D. C, Cumber, A. J., Parnell, 
G. D., Dean, C. J., Ross, W. C. J. & Forrester, J. A. (1983) 
FEBS Lett. 164, 17-20. 

11. Vitetta, E. S., Cushley. W. & Uhr, J. W. (1983) Proc. Natl. 
Acad. Sci. USA 80, 6332-6335. 

12. Vitetta, E. S., Fulton, R. J. & Uhr, J. W. (1984) 7. Exp. Med. 
160, 341-346. 

13. Eccles, S. A., Mcintosh, D. P., Purvies, H. P., Cumber, 
A. J., Parnell, G. D., Forrester, J. A., Styles, J. M. & Dean, 
C. J. (1987) Cancer Immunol. Immunother. 24, 37-41. 

14. Vitetta, E. S. (1986) 7. Immunol. 136, 1880-1887. 

15. Thorpe, P. E.. Ross, W. C. J., Brown, A. N. F., Myers, 
C. D., Cumber, A. J., Foxwell, B. M. J. & Forrester, J. T. 
(1984) Eur. J. Biochem. 140, 63-71. 

16. Maniatis, T. ( Fritsch, E. F. & Sambrook, J. (1982) Molecular 
Cloning: A Laboratory Manual (Cold Spring Harbor Labora- 
tory, Cold Spring Harbor, NY), pp. 187-198. 

17. Okayama, H. & Berg, P. (1982) Mol. Cell. Biol. 2, 161-170. 

18. Lamb, F. I., Roberts, L. M. & Lord, J. M. (1985) Eur. J. 
Biochem. 148, 265-270. 

19. Yamamoto, T., Davis, C. G., Brown, M. S., Schneider, W. J., 
Casey. M. L., Goldstein, J. L. & Russell, D. W. (1984) Cell 
39, 27-38. 

20. Okayama, H. & Berg, P. (1983) Mol. Cell. Biol. 3, 280-289. 

21. Gluzman, Y. (1981) Cell 23, 175-182. 

22. Horowitz, M., Cepko, C. L. & Sharp, P. A. (1983) 7. Mol. 
Appl. Genet. 2, 147-159. 

23. Gorman, C. (1985) in DNA Cloning, ed. Glover, D. M. (IRI, 
Oxford), pp. 143-190. 

24. Tolleshang, H., Goldstein, J. L., Schneider, W. & Brown, 
M. S. (1982) CW/ 30, 715-724. 

25. Laemmli, U. K. (1970) Nature (London) 227, 680-685. 

26. Vitetta, E. S., Krolick, K. A. & Uhr, J. W. (1982) Immunol. 
Rev. 62, 159-183. 

27. McCraken, A. A. & Fishman, N. F. (1986)7. Biol. Chem. 261, 
508-511. 

28. Lappi, D. A., Kapmeyer, W., Beylau, J. M. & Kaplan, N. O. 
(1978) Proc. Natl. Acad. Sci. USA 75, 1096-1100. 

29. Houston, L. L, (1982)7. Biol. Chem. 257, 1532-1537. 

30. Cushlev, W., Muirhead, M. J., Silva, F., Greathouse, J., 
Tucker. T., Uhr, J. W. & Vitetta, E. S. (1984) Toxicon 22, 
265-277. 

31. Vitetta, E. S., Krolick, K. A., Miyama-lnaba, M., Cushley, 
W. & Uhr, J. W. (1983) Science 219, 644-650. 

32. Fulton, R. J., Blakey, D. C, Knowles, P.P., Uhr, J. W.. 
Thorpe, P. E. & Vitetta, E. S. (1986) 7. Biol. Chem. 261, 
5314-5319. 

33. Montfort, W., Villafranca, J. E., Monzingo, A. F., Ernst, 
S. R., Katzin, B., Rutenber, E., Xuong, N. H., Hamlin, R. & 
Robertus, J. D. (1987) 7. Biol. Chem. 262, 5398-5403. 



Eur. J. Biochem. 235, 159-166 (1996) 
e FEBS 1996 



Major structural differences 

between pokeweed antiviral protein and ricin A-chain 
do not account for their differing ribosome specificity 

John A. CHADDOCK', Arthur F. MONZINGO 2 , Jon D. ROBERTUS 2 , J Michael LORD 1 and Eynne M. ROBERTS 

' Department of Biological Sciences, University of Warwick, Coventry. UK 

■ Department of Chemistry and Biochemistry, University of Texas, Austin, TX USA 

i Received 4 Sepiember/26 October 1995) - EJB 95 1447/3 



Pokeweed antiviral protein (PAP) and the A-chain of ricin (RTA) are two members of a family of 
ribosome-inactivating proteins (RIPs) that are characterised by their ability to catalytieally deptirinate 
eukaryotic ribosomes, a modification that makes the ribosomcs incapable of protein synthesis. In contrast 
to RTA, PAP can also inactivate prokaryotic ribosomcs. In order to investigate the reason for this differing 
nbosome specificity, a series of PAP/RTA hybrid proteins was prepared to test for their ability to depuri- 
nate prokaryotic and eukaryotic ribosomes. Information from the X-ray structures of RTA and PAP was 
used to design gross polypeptide switches and specific peptide insertions. Initial gross polypeptide swaps 
created hybrids that had altered ribosome inactivation properties. Preliminary results suggest that the 
earboxy-tcrminus of the RIPs (PAP 219-262) does not contribute to ribosome recognition, whereas 
polypeptide swaps in the amino-terminal half of the proteins did affect ribosome inactivation. Structural 
examination identified three loop regions that were different in both structure and composition within the 
amino-terminal region. Directed substitution of RTA sequences into PAP at these sites, however, had little 
effect on the ribosome inactivation characteristics of the mutant PAPs, suggesting that the loops were not 
crucial for prokaryotic ribosome recognition. On the basis of these results we have identified regions of 
RIP primary sequence that may be important in nbosome recognition. The implications of this work are 
discussed. 

Keywords: ribosome-inactivating proteins; pokeweed antiviral protein; ricin; ribosome recognition; N- 
glycosidase. 



Many plants, fungi and bacteria produce ribosome-inactiva- 
ting proteins (RIPs) which can attack and catalytieally inactivate 
eukaryotic ribosomes and thereby inhibit protein synthesis. The 
physiological role of these proteins is unknown although it is 
widely believed that plant RIPs play roles in defence, e.g. as 
potential antiviral or antifungal agents (Lord ct al., 1991). RIPs 
arc characterised by their ability to remove an invariant adenine 
base from a conserved loop in 28S rRNA (Endo and Tsurugi, 
1 987). This loop is involved in binding elongation factors and 
its depurination leads to irreversible inactivation of the 60S ribo- 
somal subunit and the cessation of protein synthesis. 

Classically, RIPs have been categorised into two families 
based on their structural characteristics. Pokeweed antiviral pro- 
tein (PAP) from Phytolacca americana is a representative of the 
type 1 family of RIPs, all of which are single chain N-glycosi- 
dases with molecular mass around 30 kDa, In addition to the 
type 1 class of RIPs, some plants produce heterodimeric proteins 
termed type 2 RIPs. These have an A chain that appears to be 
structurally and functionally related to the type 1 RIPs, disulfide 
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linked to a sugar-binding B chain. The majority of the type 2 
RIPs, as exemplified by the castor oil seed toxin ricin, are potent 
cytotoxins owing to the cell binding ability of (he R chain which 
promotes the obligatory first step in toxin uptake. The type 1 
RIPs. in contrast, are not cytotoxic since they lack a means of 
initially binding to the surface of cells. If introduced into cells 
by an alternative carrier then cytotoxicity is observed. Unusu- 
ally, two type 2 RIPs have been shown to exhibit extremely poor 
cytotoxicity but in vitro protein synthesis inhibition is equivalent 
to other type 2 RIPs (Gtrbes et a!., 1993a,b). 

A surprising finding in recent years has been that several 
type 1 RIPs, including PAP, show activity towards not only eu- 
karyotic ribosomes but also prokaryotic ribosomcs (Hartley et 
al., 1991). To date, no type 2 RIPs have been shown to inactivate 
prokaryotic ribosomes. Depurination of Escherichia coli 23S 
rRNA occurs at A2660, in a functionally equivalent position to 
the target adenine of eukaryotic 26/28S rRNA (A4324 in rat 
liver). The location of the target adenine within the rRNA struc- 
ture is equivalent in both eukaryotic and prokaryotic ribosomcs 
and was shown by Endo et al. (1987) to lie in a highly conserved 
14-basc purine-rieh sequence («-sarcin loop). Studies of the ki- 
netics of RTA-catalysed depurination have determined die A'„, 
and k c , ]t for eukaryotic ribosomcs to be approximately 1 pM and 
1500 min" 1 respectively (Endo and Tsurugi, 19S7). Although 
RTA is inactive towards intact prokaryotic ribosomes, depurina- 
tion of naked 23S rRNA by RTA has been described (Endo and 
Tsurugi, 1987). Since the prokaryotic rRNA can serve as a sub- 
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strate for RTA -dependent N-glycosidase activity when stripped 
of ribosomal proteins, and the rRNA target sequence is con- 
served, the molecular basis of this difference in RIP specificity 
is intriguing. 

Studies have also shown that the three-dimensional structural 
alignments of PAP and ricin A chain arc very similar and the 
organisation of the putative active-site region is highly con- 
served. However, a small number of polypeptide regions were 
identified as having sufficiently different tertiary structure to 
warrant investigation as possible ribosonic-speeificity determi- 
nants (Morr/ingo et al., 1993). It has been suggested that regions 
of RIP protein structure, possibly quite distinct from the active 
site, mav determine ribosome specificity. The aim of this present 
study is to investigate this possibility by using RTA and PAP as 
model proteins for RIPs that are only active against eukaryotic 
ribosomes (RTA) or have activity against both eukaryotic and 
prokaryotic ribosomes (PAP). Gross polypeptide swaps and spe- 
cific peptide swaps have been generated to create RTA/PAP hy- 
brid proteins for examination of their ability to inactivate ribo- 
somes. 



MATERIALS AND METHODS 

Construction of polypeptide hybrids. Hybrids were con- 
structed using the PAP template described previously (Chaddock 
et a)., 1994) which has a TGA codon inserted after the eodon 
for Thr262 and a deletion of the sequence coding for the 29- 
ami no-acid C-tcrminal extension. Nucleotide and amino acid 
numbering are derived from the previously reported PAP cDNA 
(Lin et aL 1991 ) and ricin cDNA (Lamb et al., 1985) sequences, 
with numbering initiated at the first codon of the mature protein 
sequence. Site-specific mutagenesis was performed using the 
T7-GEN in vitro mutagenesis system. 

In order to construct templates for the polypeptide swaps. 
M13 clones were prepared by ligation of a pET Xba\- BanAW 
fragment from pETPAPSTOP and pETRTA into M13mp18. 
Clones were initially created in VII 3, sequenced and the Xbal — 
IkunW fragment isolated for ligation into similarly cut pETl Id. 
Swap 1 clones (i.e. the N-terminal portions) were constructed 
from PAP and RTA templates mutated to create a Shel site at 
base 192 (PAP). Mutant M13 was cleaved with NhcMHindW I and 
the small DNA fragments swapped. In addition to the desired 
mutation, this strategy resulted in the mutation Mel65 — ► Ala in 
PAP. Swap 2 clones (i.e. central region) were created from tem- 
plates having Nhcl and Csp45 sites inserted at base positions 
192 and 379. respectively. The respective Shel- Csp45 DNA 
fragments were swapped. This strategy resulted in the mutation 
Leu 126 — ► Piie in both swap 2 hybrids. Swap 3 clones (i.e. C- 
tenninal region) were created using templates mutated lo intro- 
duce C.sp45 sites at base 654, resulting in secondary mutants 
Ala218 — Ser (PAP) and Glu220 — Asp (RTA)/ HimllU- 
C.s/>45 small DNA fragments from these mutated templates were 
swapped to construct the swap 3 scries. 

Construction of peptide swap mutants. Three peptide 
sw aps ( PAP80. PAP1 10 and PAP122) were constructed using the 
following procedures. pET80 was created by insertion of a 
double-stranded oligonucleotide linker into a PAP template 
which bad been mutagenised lo insert two restriction sites. Two 
mutated M13PAPSTOP templates with a Nnd site at base posi- 
tion 232 and a Kpn\ site at 260 (M13JACI and M13JAC2, re- 
spectively) were prepared. A linker oligonucleotide (created by 
hybridisation of GCTGGAAATTCGTAC with GAATTTC- 
CAGC) was ligated to a 661 -bp M 1 3JAC2 Kpn\-HamH\ frag- 
ment. The hybrid was ligated to a 6672-bp M13JAC1 BamHl- 
NnA fragment, transformed into E. coii TG2 and sequenced. 



Clone 110 was constructed using a PCR method. A 485-bp PAP 
sequence, amplified using oligonucleotide TTAACTGATOTT- 
C A A A A' FA G T A A A A A C AT and JACEND (Chaddock et al., 
1994), was digested with B a mill and ligated to /^//;/HlM//I I-cut 
M 13 J ACS (containing an AflW site mutated into the PAP se- 
quence at base 315). The PCR fragment/Ml 3 hybrid was treated 
with mungbean nuclease to blunt the site, then ligated to 
form M13110. M13122 was constructed by mutagenesis of 
Ml 3PAPSTOP with the T7-GEN system and the mutagenic oli- 
gonucleotide AACATAAAClTTGGTCKriAATrA'rGA'I'AC^iA- 
TTGGAATCAAAAG. All Ml 3 clones were sequenced fully be- 
fore mutant DNA was cloned into pETl Id by digestion of I he 
M13 clone with Xbal/BamUl. 

Northern blotting. Northern Blotting of rRNA onto Hy- 
bond-N membrane was performed essentially as described by 
Sarnbrook et al. (1989) using Pharmacia VacuGene XL appara- 
tus. Hybridisation of ^P-end- label led oligonucleotide probes 
(75 pmol, approximately 2X10" dpm) specific lo the 3' end of 
the 28S and 23S rRNA was performed ov ernight in fresh hybrid- 
isation solution (0.015 M NaCl, 0.0015 M sodium citrate, pi I 7, 
0.3% SDS) at 37°C/42 C C respectively, filters were washed 
twice for 30 min with 0.03 M NaCl, 0.003 M sodium citrate, 
0.1 C/ c SDS prior to exposure to X-ray film at -70°C. 

Miscellaneous methods. All clones were transformed into 
E. coii BL21 (DE3 JpLysS and were maintained as glycerol 
stocks at — 70T\ Protein expression and prokaryotic rRNA ex- 
traction are described elsewhere (Chaddock et al., 1094). Protein 
purification, N-glycosidase assay, and /// vitro transcription/ 
translation techniques were essentially as previously described 
(Chaddock and Roberts, 1993). Other standard laboratory meth- 
ods were as in Sarnbrook et al. (1989). 



RESULTS 

Polypeptide switches. Hybrids were constructed with the poten- 
tial to encode large regions switched in polypeptide content to 
investigate their contribution to ribosome specificity. The valid- 
ity of such an approach was confirmed with the later observa- 
tions from X-ray structure analysis of PAP and RTA demonstrat- 
ing die highly conserved tertiary structure. These gross changes 
were made by introduction of specific restriction enzyme sites 
into the PAP and RTA DNA sequences, digestion of mutant 
DNA, and cloning DNA fragments into the respective partner. 
Restriction sites were chosen to minimise codon mutations. Se- 
quences between PAP residues 1-63, 64 126. and 219-262 
were exchanged w ith RTA equivalents I — 7 K 72 -126. and 
222 — 267 to investigate the contribution to ribosome recognition 
of these gross changes. 

The first swap representing amino acids 1 —63 was designed 
to investigate the N-terminal region, which is relatively low in 
conservation between PAP and RTA and has previously been 
implicated in having potential ribosome-intcraclive properties 
(Watanabc and Eunatsu, 19S6; Mlsna el al.. 1993). The? second 
region (64—126) was changed lo investigate several phenomena. 
These include the effects of altering a substantial amount of the 
/y-shect structure on one side of die active site but not affecting 
the key catalytic residues, and investigating the importance of 
the putative RNA recognition motif present in residues 7S 84 
in RTA and 70-76 in PAP identified by primary sequence simi 
larity in a maize RIP by Bass et al. (1992). In addition, swap 2 
contained the peptide regions of loops SO and 1 10 that were later 
individually mutated (see below), The third swap assessed the 
contribution of the C-lerminal region of the protein, leaving all 
the major catalytic residues untouched. The C-termini of PAP 
and RTA constitute a region of low secondary structure and are 
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Fi». 1. Polypeptide snap structure. Three PAP mutants, PAP1 (1 63). 
PAP2 (o4 -!2b) and PAP 3 (219-262) wore created by substitution of 
iae PAP residues indicated by the equivalent RTA residues, (a) Location 
of polypeptide swaps in PAP tertiary structure. The swapped regions in 
PAPI. PAP2 and PA P3 are highlighted in dark grey, light grey and black 
respectively. i.b» Schematic representation of swap constructs. PAP-de- 
ri\ed polypeptide is highlighted in black and RTA-dcrived polypeptide 
in hatching. 
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Fitf. 2. 1-Apression of polypeptide swap mutants in E, colt and analy- 
sis by Western blotting. Samples of expression culture were removed 
prior to induction (U). 3 h post-induction (3) and 5 h post-induction (5) 
and analysed by SDS/PAGL and We stern blotting with anti-PAP antibod- 
ies (a) or anii-RTA antibodies (b). In both cases 100 ng recombinant 
wild-type protein was blotted as control. Approximate molecular masses 
(in kDa) are indicated on the riuln. 



23S 



Fijj. 3. N-glycosidase activity of PAP and RTA mutants during E. coli 
expression. [RNA from cxpression-cullure ribosomes was isolated and 
4 ug was treated ( or not treated ( — ) with aniline. Samples were elec- 
trophoresed on agarose/formamide gels prior to Northern blotting onto 
nylon membrane. The .V fragment of the 23S rRNA was identified h\ 
hybridisation to a specific oligonucleotide probe. I-Vagmenls of 23S 
rRNA released by aniline cleavage of depurinated RNA arc indicated by 
an arrow. Increased amounts of rRNA were loaded in lanes identified as 
+ 2 for ease of visualisation. 



poorly conserved. This may reflect the fact that RTA has a 
requirement to bind lo ricin B-chain, whereas the type I RIP 
PAP does not. Alternatively, the C-terminal region may have the 
characteristics lo interact with prokaryotic ribosomes which 
have been lost by I fie type 2 RIPs during evolution oi the A- 
chain/B-chain interface. Fig. 1 a indicates the location of the 
swap regions in the tertiary structure of PAP and Pig, 1 b shows 
a schematic of the primary structure. Nomenclature of these hy- 
brids is based on the name of the majority protein content of the 
hybrid followed by the domain swap number. For example, PAP 
with the amino-tenriinal peptide from RTA would he termed 
PAPI, while thai contains the C-terminal peptide from RTA 
would be PAP3; PAP2 would be the 'central' swap. 

Hybrids were constructed in M13mplS for convenient se- 
quencing and the subeloned into pFTl Id for /// vitro and in vivo 
expression. This expression system is tightly regulated and has 
previously been used to express highly toxic proteins with suc- 
cess (Studier and N4offatt, 1986). /j/-r///7;-gencrated transcripts 
were translated in a wheat germ eel I -free system and were 
shown lo give products of the expected molecular mass (data 
not shown). The DNAs were transformed into BL21(DF3)pLysS 
for expression experiments, and the expression of full length hy- 
brids was assessed by Western blotting of crude E. roli lysales 
using anti-PAP and anti-RTA sera. Fig. 2 shows that, in all cases, 
protein was expressed following isopropyl />-i>-lhiogalactopyra 
nosidc induction, though there was a certain amount of proteo- 
lytic activity that lead lo some specific degradation of hybrids. 
Mutants were expressed to similar levels and there was no ob- 
servable difference in the culture growth rates (data not shown). 

The ability of the hybrids to inactivale prokaryotic and enk- 
aryotic ribosomes was investigated. rRNA was isolated from 
bacterial ribosomes extracted from the hybrid expression system 
both before and after a 3-h induction with isopropyl //-n-lhioga- 
lactopyranoside. This rRNA was treated with aniline and deptni- 
nation assessed. Fig. 3 shows a Northern blot of such an experi- 
ment. Northern blotting and radioactive probing was necessary 
to visualise and confirm depurination. Protein was expressed to 
equivalent levels from all the constructs as ascertained by West- 
ern blot analysis of culture after 3-h induction. Depurination of 
host ribosomes was observed with PAP and PAP 3 but not in the 
cases of PAPI, PAP2, RTA1 , RTA2 or RTA 3. This suggests that 
PAPI and PAP2. both predominantly PAP-like. had either re- 
duced or no ability to inactivale prokaryotic ribosomes. 
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Fig. 4. N-glycosidase activity of PAP and RTA mutants toward eu- 
karyotic and prokaryotic ribosomes in a non-translating in vitro sys- 
tem. Soluble protein was prepared from E. coli sonicates and equivalent 
amounts assessed for depunnation ability. Northern blots of aniline- 
treated rRNA were probed with specific probes for the .V termini of the 
eukaryotic 28S rRNA (a) and prokaryotic 23S rRNA (b). The RlP-spe- 
cii'ic RNA fragment released following aniline cleavage is indicated by 
an arrow. 



In order to test if the proteins expressed in this system re- 
tained N-glycosidase activity toward isolated eukaryotic ribo- 
somes, crude sonicates were prepared after induction of expres- 
sion for 3 h. Subsequent lOOOOOXg centrifugation prepared a 
soluble fraction of each hybrid which was used to test for the 
ability to inactivate reticulocyte ribosomes in vitro. Equivalent 
amounts of soluble protein from each mutant was analysed. As 
indicated in Fig. 4, only constructs PAP1, PAP2, RTA 3, RTA 
and PAP showed activity in this assay. Northern blot analysis 
was performed to increase the sensitivity of RNA visualisation, 
and this analysis confirmed that only the hybrids identified 
above were active. The data for PAP3 were not consistent with 
its observed activity towards prokaryotic ribosomes during ex- 
pression. When proteins including PAP3 were extracted from E. 
coli and added to isolated prokaryotic ribosomes in vitro, only 
wild-type PAP depurinated rRNA (Fig. 4). A summary of these 
domain swap results is shown in Table 1. 

Peptide swaps. Comparison of the tertiary structures of PAP 
(Monzingo ct al., 1993) and RTA (Katzin ct al., 1991) led to 
the identification of three peptide regions that were noticeably 



dissimilar between RTA and PAP. They were located within the 
polypeptide swaps that had altered properties and therefore were 
potentially important. These regions were named SO, 110 and 
122 to describe the approximate amino acid positions in PAP. 
Loops 80 (Asp78-Arg86) and 110 (Cys 106- Vail 1 3) are lo- 
cated in the regions between ^-strands d and e and between a- 
helix B and //-strand f, respectively, whereas loop 122 (residues 
Aspl 20 — Thrl 25) forms a 'lid' structure at the entrance of the 
active site, displaying a different structure and charge distribu- 
tion between PAP and RTA. To investigate if activity towards 
prokaryotic ribosomes could be reduced, as had been seen with 
PAP1 and PAP2, the respective RTA sequences were inserted 
into the PAP backbone to create mutant PAP proteins. The posi- 
tions of the peptide swaps in the tertiary structure are indicated 
in Fig. 5 and the amino acid changes are shown in the accompa- 
nying legend. 

Conversion of the PAP-like motifs to the equivalent RTA- 
like motifs was performed by DNA manipulation as described 
and constructs were prepared in the E. coli expression vector 
pFTlld. All three mutants were shown to express equivalent 
quantities of protein after induction with isopropyl //-n-thioga- 
lactopyranosidc (Fig. 6a). No significant differences in growth 
characteristics were observed following induction of toxic and 
non-toxic proteins, therefore monitoring the absorhancc during 
expression did not provide a good indicator of relative activities 
of the hybrids. An improved indication of activity was provided 
by E. coli cell viability, as measured by a plating assay. Viability 
was reduced to less than 0.1 % of the pre induction levels after 
3 h of PAP expression (data not shown). Ribosomal RNA from 
the expression cultures of the three mutants was isolated and 
checked for depunnation. In all cases the ribosomes had been 
depurinated indicating that the protein was active to the host 
ribosomes during expression (data not shown). In order to assess 
activity more accurately, the mutant proteins were purified by 
cation-exchange chromatography. PAP80 (Fig. 6b) and PAP 122 
were successfully purified to homogeneity as assessed by silver 
staining samples following SDS/PAGH. PAP1 10 was not ob- 
tained fully pure using similar techniques but was highly en- 
riched. The concentration of PAP110 within the semi-purified 
sample could be estimated from densitometry of stained SDS/ 
polyacrylamide gels, as was done also for the fully purified mu- 
tant proteins PAP80 and PAP122. 

Mutant proteins were assayed lor activity toward isolated 
rabbit reticulocyte ribosomes and isolated E. coli ribosomes in 
vitro. E. coli ribosomes have previously been shown to be ap- 
proximately 100 - 500-fold less sensitive to RIPs than eukaryotic 
ribosomes (Hartley et al., 1991). Assays were performed in Imdo 
buffer in the absence of additional factors. Appropriate concen- 
trations of toxin were incubated with 1 pg/pl ribosomes tor 
30 inin at 30°C. rRNA was extracted and the amount of depun- 
nation estimated by densitometry of cthidiuin-bromide-stained 
gels (Chaddock and Roberts, 1993). Since it was not the inten- 
tion of this analysis to prepare kinetic parameters for each mu- 
tant, but rather to investigate their relative activities toward the 
two ribosome types, these assay conditions were satisfactory. 
Fig. 7 shows a titration of purified recombinant PAP versus 
PAP80 and clearly demonstrates that the mutant PAP80 protein 
does not have reduced activity towards prokaryotic ribosomes. 
Foi" each mutant toxin a similar titration was performed and the 
amounts of depunnation assessed. Comparison of the activities 
of the toxins was made possible by estimating the ID,., (concen- 
tration of toxin for 50% depunnation) from graphical analysis 
of the amount of depunnation resulting from various toxin con- 
centrations. For each measurement of hybrid activity, a control 
experiment was performed using purified wild-type PAP and an 
1D M calculated. The mutant ID,,, was then compared to the w ild- 
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Table 1. Summary of activity assessments of polypeptide swaps. 



Ribosomal substrate 


Dcpu rinatior 


i activi 


ty of protein 














RTA 


PAP 


PAP1 


PAP2 


PAP3 


RTA1 


RTA 2 


RTA 3 


Hukaryotic in vitro (non-translating) 


yes 


yes 


yes 


yes 


no 


no 


no 


yes 


Prokaryotic in vitro (non-translating) 


no 


yes 


no 


no 


no 


no 


no 


no 


Prokaryotic host (translating) 


no 


yes 


no 


no 


yes 


no 


no 


no 




Fig. 5. The location of peptide loop swaps in the tertiary structure 
of PAP. Mutant PAP proteins were created by replacement of peptide 
regions by the RTA equivalent sequences. Proteins were termed PAP80, 
PAP1 10 and PAP 1 22 for D 7S PFETNKCR fih to AGNS. C'^PNANSRV"- 
to TDVQN and D'^SRYPT 1 " to GGNYDR respectively. The location 
of the proposed active site at the centre of the figure is shown by the 
position of the formycin 5'-inonophosphate ring structure, 
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type and the N-glycosidase activity of the mutants calculated as 
a percentage of wild-type activity (Table 2). 

From the analysis it is apparent that RTA sequences inserted 
into PAP had not significantly affected the ability of the mutant 
proteins to inactivate prokaryotic or eukaryotic ribosomes. In all 
three cases, the activity of the mutant was within one order of 
magnitude of wild-type PAP during these assays. Since RTA is 
not active towards E. coli ribosomes at concentrations up to 
10 000-fold greater than concentrations needed to inactivate re- 
ticulocyte ribosomes (Ready et al,, 1991), we can assume that 
the mutant PAP hybrids are not greatly affected in prokaryotic 
ribosome depurination. Clearly, the swapped peptide regions 
alone do not account for the prokaryotic ribosome specificity of 
PAP. 



DISCUSSION 

Although the key catalytic residues present in the active site 
of RIP^ arc always conserved, and the target adenine residue 
they remove from rRNA is present in an absolutely conserved 
base sequence, the target ribosome specificity for different RIPs 
can vary dramatically. The work presented here represents an 
initial attempt to determine whether the structural features of 
RIPs go\ern their ribosome specificity. It was decided to use 
RTA and PAP to investigate their documented differences in in- 
activation of bacterial (prokaryotic) and rabbit reticulocyte feuk- 
aryotic) ribosomes. The availability of cDNA clones and the 
later information derived from the tertiary structures of PAP and 
RTA were deciding factors in the choice of RIPs. Many workers 
have described the specificity of RIPs in relation to their ability 
to inactivate self and non-self ribosomes, and have attempted to 



2I.fi 




14.5 



Fig. 6. Expression and purification of PAP peptide loop mutants, (a) 

Analysis of PAP peptide loop mutants e\pressed in BL2 1 { DH3 )pLysS 
by SDS/PAGK and Western blotting with anti-PAP antibodies, 1-ml sam- 
ples of culture were removed prior to (1.0 and 3 h post-induction (I) with 
Uopropyl-/^i>thiogalactopyranoside, centrifuged at l3000X_e for ^ mm. 
and samples prepared for electrophoresis. Samples were also taken from 
E. coli transformed with the expression vector alone (pHT). (b) Purifica- 
tion of PAP80 by cation-exchange chromatography. Samples of /:'. coli 
culture (lane 1), lOOng PAP protein from Phytolacca amcricano { lanes 
2 and 5), purified recombinant PAP80 (lane 3) and purified recombinant 
PAP (lane 6) were visualised by silver staining following SDS/PACUi. 
Molecular mass markers are shown in lane 4 and approximate molecular 
masses (in kDa) are indicated on the right. 



explain why RIPs have evolved a specificity for ribosomes 
(Prestlc et al., 1992; Taylor et al., 1994; Wong et al., 1995). 
However, little work has been described where the features nec- 
essary for ribosome recognition and interaction have been inves- 
tigated. Rather, most mutagenesis experiments ha\ e concen- 
trated on the determination of the catalytic mechanism { Kim and 
Robertus, 1992; Chaddock and Roberts, 1993). A recent study 
by Morris and Wool (1994) described the effects of deletions on 
helix D in RTA and concluded that none of the residues in this 
region (Asnl41 — Tyrl52) were involved in ribosome reeogni- 
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Kig.7. Assessment of tTie N-glycosidase actmly of purified PAP and 
PAP80 towards eukaryotie and prokaryotic ribosomes. (a) 30 ug iso- 
lated rabbit reticuloc\ tc ribosomes were treated with PAP (lanes 2-6) 
and PAP80 (lanes 7-11) Tor 30 mm at 30 C C, RNA isolated and the 
aniline-treated RNA visualised following electrophoresis by ctfiidium 
bromide staining of agarose/formamide gels. Final toxin concentrations 
of 10 ng/pd {lanes 2 and 7), 5 ng/pd (lanes 3 and 8), 1 ng/u! (lanes 4 and 
9). 0.1 ng/pi (lanes 5 and 10) and 0.01 ng/pl (lanes 6 and 1 1) were used. 
Lanes I and 13 show non-aniline-lrealcd samples of 10 ng/pl PAP and 
10 ng/pl PAP80 respectively Lane 12 shows depunnation resulting from 
incubation of 3.3 ng/(il RTA. (b) 30 pg isolated E. coli ribosomes were 
treated with PAP (lanes 2- 7) and PAP80 (lanes 8-13) as above. Pimil 
toxin concentrations of 10 ng/pl (Janes 2 and 8). 6.7 ng/pl (lanes 3 and 
9), 5 ng/pl (lanes 4 and 10), 3.3 ng/pl fiance 5 and 11). 1.7 ng/pl (lanes 
6 and 12) and 0.8 ng/ul (lanes 7 and 13) were used. Lanes 1 and 14 
show non-aniline-treatcd samples of 10 ng/ul PAP and 10 ng/pl PAP80, 
respectively. The rRNA fragment released is indicated by an arrow. 



Table 2. N-glycosidase activity of purified PAP80, enriched PAP110 
and purified PAP122 relative to wild-type PAP. 



Ribosome substrate 


N-glycosidase activity of 






PAP 80 PAP110 


PAP 122 




7c wild-type PAP 




Eukaryotie (non- 


100 14 


26 


translating 






Prokaryotic (non- 


100 30 


13 


translating) 







lion or catalysis. Habuka et al. (1992), investigating the proper- 
ties of active-site mutants of Mirabi/is antiviral protein, show ed 
that certain mutants do have a reduced ability to inactivate pro- 
karyotic ribosomes. In addition, it was recently suggested that 



the electrostatic potential of the residues surrounding the active 
site was important in determining ribosome interaction (Ago ct 
al., 1994). However the study did not go further to investigate 
whether this charge distribution determined ribosome specificity. 

We (Katzin el aL, 199 I ; Mon/.ingo ct al., 1903), and others 
(Husain et al., 1994; Weston et al., 1994), have taken the view 
that the recognition of substrate may involve residues distant 
from the active site in regions of the protein that may mleracl 
with ribosomal proteins to determine specificity. There are sc\- 
eral lines of evidence to support this hypothesis, hirst, the key 
active-site residues of all RIPs studied are conserved, as are their 
positions in the active site. Second, the rihosomal RNA se- 
quences are highly conserved in the target area leading to little 
differences in the RNA substrate. Third, E. coli rRNA is depuri- 
nated by RTA, albeit poorly, after removal of ribosomal proteins 
(Endo and Tsurugi, 1987) suggesting that, in the absence of ribo- 
somabproteins, prokaryotic. rRNA does indeed adopt a confor- 
mation, possibly RTA-induced, suitable for depurinalion. Since 
RTA possesses the correct active-site structure to depurinate E. 
coli rRNA. we hypothesise that the deciding factor for depuiiua- 
tion in vivo is the presence of ribosomal proteins and their rela- 
tive ability to interact with RIPs. It appears that certain RIPs 
have fortuitously evolved a surface compatible for the interac- 
tion with prokaryotic ribosomes. 

In order to address the question of ribosomal specificity, a 
series of polxpeptide and peptide swaps between PAP and RTA 
were constructed, A random mutagenesis approach was not 
adopted here since we rationalised that single-residue changes 
brought about by a random approach may not be sufficient to 
determine substrate recognition. Further, such an approach 
would generate mostly structural and active site mutants which 
would be laborious to distinguish from mutants of interest. 
Rather, it seemed more likely that a patch of residues may create 
a suitable recognition determinant. Polypeptide swap hybrids 
were prepared in order to transfer larger patches of potential 
surfacc-interactis c zones to test this hypothesis, 

The results obtained for the polypeptide changes were inter- 
esting. Of the polypeptide switch mutants, only PAP3 was acli\e 
towards prokaryotic ribosomes during expression in E. coli. 
However, no activity against ribosomes from /:. coli or rabbit 
reticulocyte was observed following isolation of PAP3 from [he 
e\prcsMon culture and in vitro activity assessment. This implies 
that PAP3-dependcnt depunnation during expression may he a 
transient activity that could only be observed briefly after 
translation before aberrant folding and loss of activity. It was 
shown that, although soluble PAP3 could be recovered, the hy- 
brid was very sensitive to proteinase K digestion (in contrast to 
PAP and RTA) suggesting poor/altered folding properties (data 
not shown). The complementary hybrid RTA 3 was active toward 
eukaryotie ribosomes but was not active to prokaryotic ribo- 
somes as one would expect of a hybrid protein that was pre- 
dominantly RTA. The results from RTA3 and PAP 3 suggest thai 
the C-terminus of PAP does not contain crucial prokaryotic ribo- 
some recognition determinants. 

Tn contrast to PAP3, PAP1 and PAP2 did not inactivate pro- 
karyotic ribosomes, either during translation in /:'. coE\ or in an 
in vitro assay. However, they exhibited substantial eukaryotie 
ribosome inaetivation properties in vitro, suggesting that the 
active-site co-ordination was intact. Therefore, it appears that 
these mutants have been altered in prokaryotic ribosome recog- 
nition, suggesting that interactive /ones lie within the first 126 
residues of the protein. Since these swapped regions are non- 
overlapping, the possibility exists that each region, when mu- 
tated separately, affects just a component of the recognition 
zones. It may be that only when both components arc intact can 
prokaryotic ribosomes be depurinated. Alternatively, it is pos- 
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sible that the conversion of one region has had a deleterious 
effect on crucial recognition residues present in the second, such 
that the observed effect is the same. 

RTA1 and RTA 2, complementary swaps to PA PI and PAP 2, 
were inactive in both the eukaryotic and prokaryotic assay sys- 
tems tested, suggesting that, although soluble protein could be 
prepared, these proteins were non-functional. PAP1 and PAP2 
were active against reticulocyte ribusomes, suggesting that the 
PAP backbone may have an inherently greater ability to accept 
changes in its structure compared to RTA. Deletion mutagenesis 
performed previously by Morris and Wool (1992) suggested that 
RTA has the ability to accept primary sequence perturbation in 
many positions without affecting in vitro N-glycosidase activity 
during translation. Insertion of large polypeptide regions will 
impose a different constraint to deletions, and it may be that 
PAP is better equipped to accommodate these replacements. 

In order to examine further the results obtained for PAP1 
and PAP2, a series of peptide swaps were created using informa- 
tion from the X-ray structures of PAP and RTA. Analysis of the 
[ertiary structures revealed striking differences between the PAP 
and RTA tertiary structures within the potentially important N- 
lerminal region. Loops 80 and 1 H) are noticeably less pro- 
nounced in RTA and do not project to solvent as clearly in ttie 
ease of PAP. Under suitable conditions these loop structures in 
PAP are disulfide-bonded together, though this is not essential 
for activity. Examination of the modelled three-dimensional 
structure oi Mi nihil is antiviral protein (from Mirabilis jalapa), 
a protein also shown to be active against bacteria] ribosomes, 
had amino acid extensions in these areas, suggesting that the) 
could be important in prokaryotic recognition. These regions 
were therefore strong candidates for ribosome specificity deter- 
minants. The proteins were otherwise highly conserved at the 
level of the a-carbon backbone. However, directed switching of 
specific peptide loop regions in PAP to the equivalent residues 
in RTA did not abolish ribosome inactivation (Table 2). There- 
fore, it must be concluded that these regions are not involved in 
the determination of prokaryotic ribosomes specificity and that 
other features of the swapped polypeptides in PAP1 and PAP2 
are responsible. The reason for the existence of these polypep- 
tide loop extensions is therefore unclear. 

Examination of the X-ray structure in the light of these pep- 
tide and polypeptide swap experiments has revealed tw : o peptide 
regions of interest that correlate with the ability of the hybrids 
to inactivate prokaryotic ribosomes. Regions 48-55 and 95-- 
101 in PAP are surface-located towards the outer face of the 
active-site cleft and are both present in hybrids that are active 
toward prokuryotes. If cither or both arc replaced by the equiva- 
lent RTA sequence then prokaryotic depurination is lost, hence 
PAP1, PAP2. RTA 1 , RTA 2 and RTA 3 were not active, whereas 
PAP3, PAP 80, PAP110 and PAP122 are active. In this region, 
the a-carbon positions in PAP and the equivalent atoms in RTA 
are observed as different surface loop structures, with the RTA 
loops being slightly more extended than PAP. T his altered back- 
bone structure affects the organisation and orientation of the side 
chains. In the case of RTA, the side chain of Arg48 could form 
an ion pair with the side chain of Glu99. The acidic side chains 
of Asp75. AsplOO and Glu102 probably remain unpaired in this 
region. With PAP, the side chain of Lys48 may ion pair with 
AsplOO; and Glu97 may form an ion pair with Arg67, whereas 
Asp92 probably remains unpaired. Comparison of the electro- 
static surfaces of PAP and RTA using GRASP (Nicholls ct al., 
1991) indicated that the charge organisation on the surface of 
these RIPs is different, particularly in the 48-55 and 95-101 
area. Examination of the electrostatic potential of X-PLOR en- 
ergy minimised models (Brunger, 1988) of the various PAP-RTA 
hybrids revealed that only PAP3, which was active toward pro- 



karyotic ribosomes. has a virtually identical charge pattern to 
PAP in this area. It is unclear at present whether the backbone 
structure and subsequent side-chain organisation or the charge 
differences alone are important. Further experimental work will 
be required to investigate if these regions are involved in recog- 
nition and to decide whether the charge characteristic is the ma- 
jor factor. 

This work represents an initial attempt to define regions of 
RIP structure that may determine ribosome specificity, bultirc 
work will focus on the specific areas speculated above to investi- 
gate any contribution to ribosome recognition. The increasing 
number of reported crystal structures for RIPs will greatly assist 
this exercise since more accurate comparisons can then be made. 
Additional activity data for RIP activity will prove to be invalu- 
able in studies of this type. In the longer term, it is hoped that a 
greater understanding of RIP — ribosome recognition w : ill allow 
the creation of hybrid RIPs with defined specificities for use in 
the fields of therapeutics, plant pathogen defence and ribosomal 
structural studies. 
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a novel type I ribosome-inactivating protein from the seeds of 
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The seeds of the plant Trichosanthes anguina contain a type 1 
ribosome-inactivating protein (RIP), designated trichoanguin. 
which was purified to apparent homogeneity by the combined 
use of ion-exchange chromatographies, i.e. first with DE-52 
cellulose and then with CM-52 cellulose. The protein was found 
to be a glycoprotein with a molecular mass of 35 kDa and a pi 
of 9.1. It strongly inhibits the protein synthesis of rabbit 
reticulocyte lysate. with an IC. () of 0.08 nM. but only weakly that 
of HcLa cells, w ith an IC- 0 of 6 //M. Trichoanguin cleaves at the 
A4324 site of rat 28 S rRNA by its N-glycosidase activity. The 
cDNA of trichoanguin consists of 1039 nt and encodes an open 
reading frame coding for a polypeptide of 294 amino acid 
residues. The first 19 residues of this polypeptide encode a signal 
peptide sequence and the last 30 residues comprise an ex- 
tension at Us C-terminus. There are four potential glycosylation 
sites, located at Asn-51. Asn-65. Asn-201 and Asn-226. A com- 
parison of the amino acid sequence of trichoanguin with those 
of RIPs such as trichosanthin. a-momorcharin. ricin A-chain 



and abrin A-chain reveals 55",,, 48",,. 36",, and 34 " n identity 
respectively. Molecular homology modelling of trichoanguin 
indicates that its tertiary structure closely resembles those of 
trichosanthin and a-momorcharin. The large structural simi- 
larities might account for their common biological effects such as 
an abortifacient. an anti-tumour agent and anti-M 1 V- 1 activities. 
Trichoanguin contains two cysteine residues. C'ys-32 and Cys- 
155. with the former being likely to be located on the protein 
surface, which is directly amenable for conjugation with anti- 
bodies to form imniunoconjugates. It is therefore concei\abIe 
that trichoanguin might be a better type I RIP than any other so 
far examined for the preparation of immunotoxins. with a great 
potential for application as an effective chemotherapeutic agent 
for the treatment of cancer. 

Key words: inhibition of protein synthesis. N-glycosidases. ribo- 
some-inactivating proteins. Cucurbitaceae. 



INTRODUCTION 

Ribosome-inactivating proteins (RIPs) are ubiquitous in the 
plant kingdom, with great abundance found in some plant 
families, such as the Cucurbitaceae [1]. RIPs inhibit protein 
synthesis by cleaving the N-glycosidic bond of adenine at position 
4324 of rat liver 28 S rRNA and preventing the binding of 
elongation factor 2 [1]. The single adenine residue is removed 
from a highly conserved loop structure in the ribosomal RNA 
that render its 5'- and 3'-phosphodiester bonds very susceptible to 
acid-aniline cleavage and release the diagnostic RNA fragment 
of 420 nt [1]. RIPs arc classified into two subgroups on the basis of 
their structures and functions: type I proteins consist of a single 
polypeptide chain of molecular masses ranging between 28 and 
35 kDa and alkaline isoelectric points (pi) of pH 8-10 with or 
without carbohydrates [2]; type II RIPs consist of a catalytic- 
ally active A chain linked to a cell-binding B chain. The B chain, 
possessing lectin properties ; binds to the D-galactose moieties of 
the cell surface, leading to endocytosis and delivery of the A chain 
into the cell, where the latter can attack ribosomcs enzymically 
[3.4]. Among type II RIPs. the cDNA species of ricin from Ricinus 
communis and abrin from Abrus prccatorius have been cloned 
[5.6] and expressed in an Escherichia co/i system [7.8]. 

Several type I RIPs have been purified and characterized from 
plants, e.g. pokeweed antiviral protein (PAP; Phytolacca 



aniericana) [9]. momordin {.Momordica charantia) [10], luflin 
{Luff a cylindrica) [11]. bryodin {Bryonia dioica) [12] and dian- 
thin (Dianthus caryophyllus) [13]. Trichosanthin {Trichosanthes 
kirilowii), a-momorcharin {\1 otnordia charantia). saporin [Sapo- 
tiaria officinalis), PAP and bryodin have also been show n to ha\e 
abortifacient activities [14]. 

Trichosanthin and a-momorcharin have been shown to be 
effective against T cells and macrophages infected with 11 1 V- 1 
[15.16]. Clinical trials on trichosanthin also showed a decrease 
in the p24 antigen and an increase in CI")4-positive cells in 
some patients [16.17]. There is great interest in their potential 
application as inimunotoxins that can be selectively targeted 
to a particular cell type, such as cancer cells [IS]. Here we 
describe the purification, characterization and molecular cloning 
of a new RIP from seeds of T. anguina in the Cucurbi- 
taceae family, and study three-dimensional molecular models 
of it. based on the tertiary structure of trichosaiUhin and 
a-momorcharin. 

EXPERIMENTAL 
Materials 

The seeds of snake gourds (T. anguina) were purchased from a 
local store. Restriction enzymes and T4 DNA ligase were 
obtained from New England Biolabs (Beverly. MA. U.S. A,). The 



Abbreviations used: ^AP, pokeweed antiviral protein. PACE, rapid amplification of cD\A ends, R!P. nbGsome-'oactivatmg pru*o,n 

To wnom correspondence should be add r essed (e-mail lupin a ha mc ntu edu.tvv;, 
~he nuceot'de sequence da f a r eoorted W! appear in DD3J, EW3L and Ge-Bank Nucleotide Sequence Databases under t^o accession nurnnor 
A~055C86 
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Trizol kit for RNA extraction was obtained from Life Sciences 
(Petersburg, FL, U.S.A.). Oligo(dT) cellulose was purchased 
from Pharmacia (Uppsala, Sweden). The Marathon 1 " cDNA 
amplification kit was from Clontech (Palo Alto. CA, U.S.A.). 
Dcoxyribonucleotide primers were synthesized by the phosphor- 
amide method with an Applied Biosystems (Foster City. CA, 
U.S.A.) automated DNA synthesizer. Tag DNA polymerase, 
/;GEM-T vector, rabbit reticulocyte lysate and L-['H]leucine 
were obtained from Pr omega (Madison, WI, U.S.A.). The 
AmpliTag FS Prism Ready Reaction Cycle sequencing kit was 
from Applied Biosystems. Abrin A-chain was isolated and 
purified as described previously [6]. Other chemicals were of 
analytical grade. 



Purification of trichoanguin 

All purification procedures were performed at 4 ~C. T. anguina 
seeds were homogenized with a Waring blender by using 10 mM 
sodium phosphate buffer. pH 7.2. A floating layer of solidified 
fat was removed with cheesecloth. After centrifugation of the 
suspension at 15000 g for 30 min. solid (NH^^SOj was added to 
the supernatant to 95 ( \, saturation. After being left for 1 h. the 
precipitates were collected by centrifugation. dissolved in 10 mM 
sodium phosphate buffer. pH 7.8. and dialysed against the same 
buffer. After dialysis the clear supernatant was applied to a DE- 
52 cellulose column (2.2 cm x 10 cm) pre-equilibrated with the 
buffer. The flow-through fractions were collected and applied to 
a CM-52 cellulose column (2.2 cm x 10 cm) pre-equilibrated with 
10 mM sodium acetate buffer. pH 5.0. The column was eluted 
with a linear gradient of 0-0.4 M NaCl in the same buffer. 
Fractions with inhibitory activity towards protein synthesis were 
pooled, dialysed extensively against distilled water and freeze- 
dried. The purified fraction was analysed by SDS/PAGE. 



Gel filtration 

Gel filtration of trichoanguin was performed with a Superose 12 
column HR 10/30 (Pharmacia), which was cluted with 50 mM 
sodium phosphate buffer. pH 6.8. containing 150 mM NaCl; the 
flow rate was 0.4 ml /min. The column was calibrated with the 
following molecular mass markers: BSA (67 kDa). ovalbumin 
(45 kDa) and chymotrypsinogen (25 kDa). 



Electrophoresis 

Active fractions isolated from each purification step were ana- 
lysed by SDS/PAGE [12.5 ° tl (w/v) gel], as described by Laemmli 
[19]. The protein bands were revealed by being stained with 
Coomassic Brilliant Blue R-250. Carbohydrate-containing bands 
were detected with periodic acid/Schiff reagent [20]. The pi of 
trichoanguin was estimated from isoelectric focusing electro- 
phoresis performed with a pH 3.5-10 gel with a Pharmacia 
Multiphor II system. 



Protein sequence analysis 

The N-terminal amino acid sequence of trichoanguin was de- 
termined by using the automated Edman degradation method 
with an Applied Biosystems model 477 A protein sequencer and 
an on-line phenylthiohydantoin analyser. The C-terminal resi- 
dues were determined by using the method of Kamo and Akira 
[21]. The reaction was performed by carboxypeptidase A diges- 
tion in 0.1 M pyridine/acetate/collidine buffer. pH 8.2. at 



37 C C for 6 h, and the reaction products were dried and analysed 
directly with an A-5500 amino acid analyser (Irica. Kyoto. 
Japan). 

Cell-free inhibition of protein synthesis 

Assay of inhibition of protein synthesis in vitro was performed 
as described [22], with a cell-free rabbit reticulocyte lysate 
(Promega). Various amounts of toxin were added to t lie reaction 
mixture, and the reaction was performed at 30 C for I h. The 
trichloroacetic acid-insoluble products were collected on a glass 
fibre disc by filtration with Whatman GF/C. then processed for 
liquid-scintillation counting. Each inhibition point is calculated 
as the mean for three individual tests. 

Cytotoxicity assays 

HeLa cells were grown in RPMI 1640 medium supplemented 
with 4 mM non-essential amino acids, streptomycin ( 1 00 i.u. ml ). 
penicillin (100 //g/ml) and I0 ( \, (v/v) fetal calf serum. Cells were 
plated in 24-well plates at a concentration of 10' cells per well 
and incubated at 37 C under CO., for 24 h. The medium was 
then replaced by serum-free RPMI 1640 medium containing 
various amounts of toxin. C ells were further incubated at 37 C 
for 18 h; protein synthesis was measured by incubating the cells 
for lh in serum-free, leucine-free RPMI 1640 containing 
0.5 //Ci/ml L-[ :; H]leucine. The radioactivity incorporated into 
protein was determined as described previously [23J. Each point 
is the mean for triplicate assays. 

RNA N-glycosidase activity 

Rat liver ribosomes were prepared by the method of Wellstein et 
al. [24]; the ribosomes were incubated for 15 min with abrin A 
chain or trichoanguin (10 nM) at 37 °C in a final volume of 
100 //l of reaction^^Ter [113 mM KCl/10 mM MgCL/0.05 0 ,, 
(v/v) //-mcrcaptoethanol/2 units of RNasin]. The reaction was 
terminated by the addition of 0.5",, SDS; the reaction products 
were extracted with phenol, precipitated with alcohol and then 
treated with 0.8 M aniline to cleave 28 S rRNA selecti\ely at 
the depurinated site by //-elimination. The reaction products 
were analysed by using 7 M urea/ 3. 5 ( \, (w/v) PAGE; the 
gels were stained with ethidium bromide [25J. 

Sequencing of trichoanguin cDNA 

Total RNA was extracted from the maturing seeds of T. anguina 
in late summer with the Trizol reagent kit [26]. Poly(A)- 
rich RNA species were purified with a oligo(dT) column 
(Pharmacia). mRNA (I //g) was reverse-transcribed with the 
Marathon cDNA amplification kit (Clontech). and the double- 
stranded cDNA species were ligaied to Marathon" cDNA 
adaptors. Two degenerate primers were synthesized based on the 
N-terminal and internal conserved sequences of trichoanguin : 
5' primer A. encoding the first eight residues (DVSEDEST). 
and 3' primer B. encoding the highly consencd amino acids 
[EAARY(F)KYI] (Tabic 1). were used, and the reactions were 
subjected to 30 cycles of heat denaturalion at 94 C for 1 min. 
annealing the primers to the DNAs at 50 C for 1 min. and DNA 
chain extension with Taq polymerase at 72 1 C for 2 min. followed 
by a final extension at 72 C for 10 mm. 

Rapid amplification of cDNA ends (RACE) on the 3' end was 
performed with the Marathon IM cDNA amplification kit by 
using the flanking primer AP- 1 and gene-specilic primer C (Table 
1). The 5' end was amplified by 5' RACE in essentially the same 
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Table 1 Oligonucleotide primers used for the isolation and cloning of 
trichoanguin cDNA 





Primer 


Seqjence 


Caning 


5 Pnner A 


i - 3ATGTTAGCTTCG ATTTGTCGAC-3 ' 






T G A A 




3' Pr mer 3 


5'-A7ATATTTA7ACCTTGCAGCTTC-3' 






C GA T A T C 


RACE 


Adaptor AP-1 


5'-CCA^CCTAATACGACTCACTATAGGGC-3' 




Primer C 


5'-GCGC T TC"G"ACTCATTCAGTGT-3' 




D nr.er D 


5'-A"CA"AATTACCCGAATAAG3AAG-3' 



manner as that for the 3' end. by using the flanking primer AP- 
1 and the gene-specific primer D [27] (Table 1). All PCR products 
were subcloned into the pGEM-T vector (Promega). then trans- 
formed into E. coii strain JM109. DNA sequencing was per- 
formed with the Tag dye primer cycle sequencing kit (Pcrkin 
Elmer) and subjected to electrophoresis on a 373 A Stretch AB1 
DNA sequencer. 

Molecular modelling of trichoanguin protein 

A sequence search against the SCOP [28] database revealed the 
high degree of similarity of the trichoanguin protein sequence to 
those of RIPs. In the RIP supcrfamily. several three-dimensional 
structures have been solved by X-ray crystallography. Four 
sequences from RIPs. a-trichosanthin (PDB code 1TCS [29]). 
a-momorcharin (PDB code 1MGR [30]). abrin A chain 
(PDB code 1ABR [31]). and ricin A chain (PDB code 1RTC 
[32]). were obtained from the PDB for pairwise sequence 
alignment, and were compared with the trichoanguin sequence 
by using the GAP and BESTF1T programs of the GCG 
package. 

The three-dimensional model of trichoanguin was built by- 
using the X-ray structures of a-trichosanthin and a-momorcharin 
as templates. The multiple sequence alignments generated from 
the P1LEUP program were checked manually and then used in 
the comparative homology modelling process because of their 
great similarity. Starting with the alignment, a method of 
automatic comparative modelling by means of satisfying spatial 
constraints as implemented in the MODELLER (version 4.0) 
program [33] was used to produce a trichoanguin model con- 
taining all main chains and side chain atoms without further 
manual intervention. First. MODELLER was used to derive 
many distance and dihedral angle restraints on the trichoanguin 
sequence from its alignment with the template RIP structures. 
Then the spatial restraints and CHARMM energy [34] terms 
enforcing the proper stereochemistry were combined into an 
objective function. The variable target function procedures, 
employing the methods of conjugate gradients and molecular 
dynamics with simulated annealing, were used to obtain three- 
dimensional models by optimizing the objective function. Twenty 
slightly different three-dimensional models of trichoanguin were 
calculated by varying the initial structure. The structure with the 
lowest value of the objective function was selected as the 
representative model. Assessment of the reliability of the model 
was performed residue by residue. The deviation from the 
standard geometry and atomic overlap was determined and 
evaluated more rigorously, residue by residue, with the PRO- 
CHECK program" [35]. PROSAII [36] and Profi1e-3D [37.38] 
were used to test the suitability of the derived three-dimensional 



conformation for the amino acid sequence of trichoanguin and 
to develop an energetic profile of the modelled structure. Sec- 
ondary structures of the trichoanguin model were calculated with 
the DSSP program [39]. Graphics were displayed by the Insightll 
package from MSI/ Biosv stem Technologies (San Diego. C/V 
U.S. AO and the MOLMOL program [40]. 
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Figure 1 Purification of trichoanguin by ion-exchange chromatography 

,A) E : ut.on proii'e : : t'choangun from a DE-52 ce-iubse column A'ter nrecipitaton 'jy 
;NH,)-S0- ana dia ysis agams: equi ibrurr buffer CO sodium pnosbVc hu'lc". rjH 7 6:. 
:he supe r natant o' the dalysate was appned to a DE-52 cellulose no urn and elated with 
ecu. .rjnum buffer. The a-.- o' each 'racnen was measured Fractions showing achvity in ;he 
nh rjtior of p r Dte n syn'hes s we r e cooled (as ind cated by tne nonzonta bar; :B) Nation p r o':ie 
of tnchoaigum from a CM-52 cellulose column. Fractions conta n ng p.-otem syndics s mnihito r y 
actvty 'ron t A) we r e app'ieo to a CM-ce lulose co ! umn previously eouilib'ated with 10 niM 
sod'jm acetate buffer, pH 5 0 The proten was elated with a irear o/adient of 0 0 4 M NaG I 
wtn tne sane elating buffer. T ne A ^ o' eacr. f -action was measumo Fractions w'.h mhibitory 
activity \r a ce' ; f r ee rabbit-reficulocyle system were collected (as indicated by :fie hon/ontal 
bar). 
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13 14 15 16 

Elution volume (ml) 

Figure 2 Molecular masses of the purified fractions 

upper panel: SDS°AGE o' various untied 'radons. Lane 1. molecular mass mante's; tane 
2. crude extract: 're 3, active fractions from DE-52 ce.-u ose column :" r omatog r 2phy: ; ane 
4, active 'ractioos Ir om CM-52 cellulose column chmmatograp h y. The gel was staged wth 
GacTiassie B:a!;am. 3 !i ue R-250. The pcsit ons 3t nriG ! .ec , jla r nass s;arda r ^s on k3a) are s^own 
at t h e iett Lowe r pane 1 . estimation c f appa r erit molecular r.ass of native pxtem oy gel fi:t r at.on. 



rox 



G.2 rr,2 o- 



g o J trichoang jin was suoiected 



"i I: ra:i on on a Supemse '2 column 



ea„ 1 orated and e'uted af a 'low rate cf 0/ mhmin witn 50 nM sod urn resonate 
3. ccmammg 150 mW NaCT Each ccMecied faction was 0.2 ml. 'n 5 ;c!j-t was 
ca prated witn ire fci'jw ng molecu.ar mass sta^da r cs 3SA (57 kDa). ovalbumin ■: ^ 5 Oa), and 
cnymofypsmpgen 25 Oa: ~he e^r of tne proteins was mon ; to r ed by reasunng A~. Tne 
oganmm of re'em no'.ecJar mass was plotted against elut-on volume, "ne stow mdcates 
ne elut.on voune of trenoanguin. 

Table 2 Purification of trichoanguin from T. anguina seeds 

The p'eoa'a: cr was mom 253 g of T anguina seeds as described in the Expenmemai section. 
Cne un,; s oetmed as the the amoun: o ; enzyme necessary to inn pit p r otem syntnesis Py 50% 
m *■ ml p ( r appit r eticu':cyle lysate r eact.on ^xture. 





Ota protein 


■ ota! activity 


3pec ! ^c activity 


> .eld 


p repa r at'Cn 


imp: 




i^O 3 units ''mg) 




C'-jae extract 


2851 




29 


130 


DE-52 ceHjlose 


315 




■43 


55 


CfV-52 c5.il- cse 


31 


-.a 


477 


18 



RESULTS 

Isolation of trichoanguin from T. anguina 

Trichoanguin was purified to homogeneity from seeds of 7. 
anguina by two simple steps. One major peak obtained in the first 
step of DE-52 cellulose chromatography exhibited the protein 
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Toxin concentration (n.M) 
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Figure 3 Effects of trichoanguin on protein synthesis 

cp:e r pane!' mh mury e'fect o: vary.ng the concentration o' tncnoanqjin on proie.n syntbosis 
m a ce -f'ee raob t reticu ocyte lysate system Tne incorpo r atior oi radioactivity m . ['H]leu;ure 
;n'c p'ctcin was measure, each po-nt de'Otes the mean mp mate assays. Symbols # 
t r crcangum; Q. abnn A cham Lower panel" mhipition of pmtem synthesis in r i e La ce' s 
Va'ipLS concentrations of toxm were mcupated witn HeLa cells anp the moommaiior ;;f 
.-i ; H]'e„c,ne into ceiua' p r o*eins was s.psoquenily determ ned Each \ d .e 'S tie mean 
\o r tnpi cate samples. Symbols Q. mcrioangmn; ▼, aonn A chain. # apnn 



synthesis inhibitory activity (Figure 1 A). In this fraction, a major 
protein of 35 kDa and a minor protein of 10 kDa wore present, 
as revealed by SDS/PAGE analysis. The 10 kDa protein was 
removed in the second step by CM-52 cellulose chromatography 
(Figure IB), resulting in a protein fraction (the first peak) with a 
subunit molecular mass of 35 kDa and apparent homogeneity 
(Figure 2. upper panel). The protein thus obtained was charac- 
terized and designated " trichoanguin \ The fraction containing 
purified trichoanguin was analysed further by size-exclusion 
chromatography. Trichoanguin was eluted as a single chain of 
35 kDa under non-denaturing conditions (Figure 2, lower panel). 
A pi of 9.1 was estimated with the Pharmacia Multiplier II 
system (results not shown), in agreement with the alkaline 
property of most type I RIPs. The inhibitory activity and 
relative yields in the various steps of purification are summarized 
in Table 2. Trichoanguin showed a positive reaction to staining 
with periodic aeid/SehilT reagent (results not show n), indicating 
its glycoprotein nature. Trichoanguin strongly inhibited the 
incorporation of labelled amino acids into the rabbit reticulocyte 
lvsatc cell-free svstem. and the deerec of inhibition was com- 
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Figure 4 Analysis by gel electrophoresis of N-glycosidase activity 

*at i-ver nboscmes we*e used m eacr assay. Exfacted RNA from these nioosomes treated with 
amir.e ( t- ! o r untreated ( — ; were separatee by electrophoresis on a denaturing polyacry;amioe 
ge : La^es t and 2, samp.es m the absence o! texm control: lanes 3 and 4, samples ; r ea:ed 
wm 13 ~M tncnoargu.n; lanes 5 and 5. samples treated with H 0 nM abrin A cha n. T ne a r row 
r-z :a*es he pesit on of tne RNA 'ragmen! gene r atec by amine treatment o? 'he riDosomal RNA. 



parable with that of abrin. As shown in Figure 3 (upper panel), 
the IC.„ values of trichoanguin and abrin A-chain were 
determined as 0.8 and 0.06 nM respectively. 




Figure 6 Sequence comparison of trichoanguin (TCA) and other RIPs 

Sequence a.ignnent was performed witn [tie PILEjP prog/am of GCG by using pub'ished 
sequences of ^-momomharin (aMWC) [30], trichosanthm (TCS) [29], ncm A cha.n (noA) [32] 
ana sarin A c-nam (abrA; [31 ]. The numbering system is based on the sequence of tnchosanthm 
as reference Gaps have been introduced for optimal aiignmenl and maximum sim larity between 
all compared sequences Identical amino aciels a'e snown in shaded boxes His hiith y 
conserved and consensus ammo acid res dues involved in tne active site are indicated by 
asterisks Potential N-g yccsyialion s*es are underlined. 



Cytotoxicity 

The addition of trichoanguin to cultures of HeLa cells resulted in 
the weak inhibition of protein synthesis, with an 1C-,, of 6 //M 
(Figure 3. lower panel). At relatively high concentrations, tricho- 
anguin causes a moderate decrease in protein synthesis. Abrin. 



a type II RIP, had a very strong toxicity towards HeLa cells, with 
an IC-„ of 0,05 nM, but abrin A-chain exhibited a weak toxicity 
towards the intact HeLa cells with an IC. 0 of 7 //M. similar to 
that of trichoanguin. 



1 c "aa etc ATG GCA CTC TCC TTT TTC TTT CTC OCC ATC TCT CTT GGC TCT CCT ACT GCC ATT GGT GAT GTT AGC 73 

23FDLSTATKXSYSSFlrQLRDALPTQ 47 

74 TTC OAT TTG TCG ACA GCT ACT AAA AAA TCC TAT TCA TCT TTC ATC ACA CAA CTC AGG GAT GCT CTT CCA ACT CAA 148 

48 GTVCGIPLLP STASGSQWFRFFNLT 72 

149 GGC ACA GTS TGC GGC ATT CCA TTG CTG CCT TCC ACC GCA TCC GGC TCA CAA TGG TTC AGA TTC TTC AAT CTT ACC 223 

73 MYNDETVTVAVNVTNVTIVAY R A D A 97 

•AT AAC GAT GAA ACC GTC ACC GTG GCT GTA AAT GTA ACC AAT GTC TAC ATC GTG GCG TAT CGT GCC GAT GCT 29B 



9BVSYFFEDTPAEAr 

299 GTA TCC TAC TTT TTT GAA GAC ACT CCA GCT GAA GCT TTC 

123 PTSGNYDKLQSVY 

374 CCT TAT TCG GGT AAT TAT GAT AAQ CTT CAA AGT GTA GTA 

US ALSSAITNMVYYD 

H9 GCT TTA AGC AGT GCC ATT ACG AAC ATG GTT TAT TAC GAC 

173 QCTAEAARTKY IE 

524 CAG TGT ACT GCA GAA GCT GCA AGG TAT AAA TAT ATT GAG 



KLIFAGTKTVKL 122 

AAG CTC ATA TTT GCA GGT ACT AAG ACG GTA AAA CTT 373 

GKQRDMIELGIP 147 

GGC AAA CAA AGA GAT ATG ATT GAG CTT GGA ATC CCO HB 

TQSTAAALLVL1 172 

TAC CAA AGT ACT GCA GCC GCG CTT CTT GTA CTC ATT 523 

QQVSSHISSMF-Y 197 

CAA CAA GTT TCT TCA CAT ATT AGC TCT AAT TTT TAT b9B 



198 PNQAVISLENKWG 

599 CCA AAT CAA GCA GTC ATA AGC TTA GAA AAC AAG TGG GGT 

223 GHGQFENPVELYN 

67 4 GGA CAT GGA CAA TTC GAA AAC CCT GTT GAG CTA TAT AAC 

248 AGVVKGNIKLLLT 

749 GCT GGA GTT OTA AAA GGC AAT ATC AAA CTC CTA CTA TAC 

273 TTILHPGAMGKLH 

B24 ACT ACA ATC TTG CAC CCT GGA GCT ATG GGA ATG CTT CAC 

899 act etc aca get eta cct teg get caa cac cca. cgc ata 

974 atg tgc trt att tea tta a«i aaa taa gtg tgg aat ctt 



ALSKQIQIANRT 222 

GCT CTT TCC AAA CAA ATC CAG ATA GCA AAT AGO ACG 673 

PDGTRFSVTNTS 247 

CCT GAT GGC ACA CGA TTT AGT GTA ACC AAT ACT TCO 748 

YKASVGGEYDTP 272 

TAC AAA GCC AGT GTT GGT AGT GAA TAT GAT ATC CCT B23 

N 3 N □ N Y V T K S~ ' P 291 

AAT CAG AAT GGA AAT TAT GTT ACA ATG TGA Ctt tta 898 

gat tta sgg cat tgr cca tag tea ccc Atg ttj tga 973 

ttc cgc ca^ »aa AAA aaft aaa aaa IC39 



Figure 5 Nucleotide and amino acid sequences encoding trichoanguin 

Tbe nucleotides anc tne predicted ammo ac d r esidues are numbered at the fight ana at me >e f t. The mature pm r ein sentence :s numbered from 20 :c 264, the sgna 1 pen-tide :uns 'rem 1 :c 
19, anc *ne adaiional extension region at the C-termmjs extends 'rem 265 to 294 The regions encodmg t n e poiyadeny.at on signal (AAT AAA) and the po'y;A; tal a r e underl.ned 
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Figure 7 Superposition of three-dimensional models for homologous proteins 

CoTica'ison of ! ri chc5nguin (thick iinei a^a 1 ;:s c'osest structurally known homologous R.Ps. a-momorcnar n t ned un .me) and tnchcsanthir chr line) 




Figure 8 Ribbon representations of trichosanthin (A) and trichoanguin (B) molecules 

Tre M-*e"min js and C-ter~ r.us o' each secondary structure reg'on are !aDe el T he ne : ices are aoei^d a1 !: 28 aiorg the cnam . the /^sheets are labelled />1 1 to /S2 ? 'he computer crogran 
WOLMCL was used to generate these ciagrann. 



N-glycosidase activity 

The N-glyeosidase activity of trichoanguin was examined by 
incubating ribosomes with various amounts of trichoanguin or 
abrin A-eham. and the extracted rRNA was analysed by gel 
electrophoresis. As shown in Figure 4. when the rRNA from 
trichoanguin-trcatcd ribosomes was treated with aniline at acidic 
pH. a cleaved fragment of approx. 420 nt was obtained, similar 
to that found in abrin A chain/anilinc-treated ribosomes. 

Molecular cloning and sequence analysis of trichoanguin 

PCR amplification of total cDNA mixtures prepared from seeds 
of T. anguina with the Marathon cDN A amplification protocol 
coupled with designed primers for 5' RACE and 3' RACE 
achieved the amplification of a full-length cDNA fragment of 
approx. 1000-1 100 nt encoding trichoanguin. Sequence analysis 



of the cDNA clone revealed that it is 1039 nt in length, a cDNA 
sequence containing an open reading frame of N82 nt. cor- 
responding to a polypeptide of 294 residues with a calculated 
molecular mass of 27066 Da (Figure 5). 

In most cases, type I RIPs are cleaved post-translationally to 
yield the mature form. The deduced polypeptide chain of 
trichoanguin contains a segment of 1 9 residues at the N-terminus 
coding for a signal peptide. The C-terminal residues were 
identified as Ala-Scr by carboxypeptidase A digestion. The 
cDNA sequence also contained a 30-residue extension at I he C~ 
terminus. followed by a translation termination codon (TGA) 
and a 105 nt 3 '-untranslated sequence with an A ATA A A 
polyadem lation site. 

There are four potential gIycos> lation sites at residues 51. 65. 
201 and 226 (Figure 6); the presence of carbohydrate might 
account for the discrepancy observed between the actual coding 
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Figure 9 Stereo diagrams of the active site in trichosanthin (A) and trichoanguin (B) 

d.agraTis si^w re 2~ no ac.a 'espies ir > ol\ ed ir :ne Snaing o ! adenine and the res'd^es ass::.ated witn si/round^gs of ine a:t.ve s:! 



molecular mass and that estimated by SDS/PAGE. Unlike 
trichosanthin and a-momorcharin. trichoanguin contained two 
free cysteine residues, one located at residue 32 and the other at 
residue 1 55. 

Sequence similarity and comparison between various RIPs 

A comparison of the amino acid sequence of trichoanguin with 
sequences of trichosanthin and other RIPs (Figure 6) revealed 
that there is a high degree of similarity between them. A number 
of gaps and insertions have been made in the sequences to 
optimize the alignment, and the percentages of identity between 
trichoanguin and trichoanthim a-momorcharin. ricin A-chain 
and abrin A-chain were found to be 55 48 36 l1 n and 34 ° () 
respectively. There are several major regions of high sequence 



similarity in these RIPs, i.e. regions of matching amino acids: 
residues 4-25. 66 85. 104 1 34. ^1 46 166 and 182 1 90 of tricho- 
anguin. with the last four regions clustering around the putative 
active-site cleft. In these regions, absolutely conserved amino 
acids are: Tyr-14. Phe-17. Arg-22. Tyr-70. Gly-107. Tyr-109, 
Ala-146. Glu-158, Ala- 159. Are- 161. Glu-187, Asn-188 and 
Trp-190 in trichosanthin. It is interesting to note that the 
conserved residues Tyr-70. Tyr-109. Glu-158. Ala-159. Arg-161. 
Glu-187 and Trp-190 are clustered together around the proposed 
acti\e-site cleft in the three-dimensional crystal structure of 
trichosanthin. The aromatic amino acids (Tyr-14. Phe-17. Tyr- 
70. Tyr-109 and Trp-190) are highly conserved in Rl Ps. and these 
aromatic residues are important in stabilizing the interactions 
between the bases of RNA and trichoanguin. which are involved 
in the N-iilveosidase activity. 
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Molecular modelling of trichoanguin 

The trichoanguin sequence was modelled w ith the coordinates of 
trichosanthin and a-momorcharin because these two proteins 
exhibited the highest sequence identity (55 ° 0 and 48 n () ) in the 
sequence comparison with trichoanguin [30], Figure 7 shows that 
the a-carbon backbones of trichoanguin and a-momorcharin can 
be superimposed on the backbone of trichosanthin. The root- 
mean-square difference for aligned a-carbon positions between 
trichosanthin and trichoanguin was 0.520 A. whereas that be- 
tween a-momorcharin and trichosanthin was 0.502 A. However, 
positional differences between the individual side chain positions 
might be substantially larger, particularly for the less constrained 
residues on the molecular surface. A schematic ribbon drawing 
of the known structure of trichosanthin is show n in Figure 8. To 
facilitate the discussion of the modelling of trichoanguin in 
relation to this structure, the secondary structural elements are 
numbered as described previously [30]. The model contains eight 
a-heliecs and a six-stranded /j-sheet with a left-handed twist 
similar to that found in trichosanthin. 

In Figure 8. trichoanguin was divided into two domains in 
accordance with the structural description of trichosanthin [30]. 
The main differences between trichoanguin and trichosanthin in 
domain 1 are located in the middle portion and in the loops 
connecting the secondary structural elements. Internally, there 
are differences at two residues between the two: deletions of 
residues 89 and 98 of trichosanthin. The first deletion removes 
one residue from helix 2 in trichosanthin. Because this helix is 
located on the molecular surface, the deletion is easily accom- 
modated in trichoanguin. The second deletion shortens a surface 
loop connecting helix 2 and /^-sheet 1.6 by the four-residue loop. 
It implies that this region might not be specifically crucial to the 
structure or function of trichoanguin. Trichoanguin has an 
insertion of one residue. Arg-202. in a loop connecting helix 7 
and /j-sheet 2.1. The antiparallel //-sheets (y>2. 1 and //2.2) of 
trichoanguin in C-terminal regions differ slightly from those in 
trichosanthin. The C-terminal part of trichoanguin is one residue 
shorter than that of trichosanthin and is predicted to be a 3 L(I 
helix. 

Trichoanguin contains two free thiol groups: one. Cys-32. is 
located at the surface loop region; the other. Cys-1 55. located 
adjacent to the active site, seems to interfere with disulphide 
linkage formation. The four putative N-glycosylation sites Asn- 
51. Asn-65. Asn-201 and Asn-226 are located at the solvent- 
exposed surface or flexible loop in the modelled structure. 

It has been suggested that amino acid residues lining the active 
site cleft are generally conserved within the RIP family, which 
might be important for substrate binding and catalysis (Figure 
9). Eleven residues were found to be highly conserved in 
trichosanthin and trichoanguin; five of them. Tyr-70. Tyr-109, 
Glu-158. Arg-161 and Trp-190. directly form the major cleft in 
the crystal structure of trichosanthin, whereas the others, in- 
cluding Val-69. Ile-71, Phc-83. Asp-85. Gly-107 and He- 1 53. are 
also located at the active-site cleft and are highly conserved 
between various RIPs. 

DISCUSSION 

In the present study it was found that the 19 residues at the N- 
terminal extension and the extra 30 residues at the C-terminal 
end of trichoanguin are remov ed post-translationally to yield the 
mature form. The 19-residue leader segment is a secretory signal 
sequence containing a higher content of hydrophobic amino 
acids, which is expected to direct transport of the nascent poly- 
peptide chain across the endoplasmic reticulum membrane into 
the endoplasmic reticulum lumen [41]. Similar post-translational 



processing mechanisms of a C-lerminal extension for these 
RIPs were recently observed for the precursors of trichosanthin 
[42] and saporin-6 [43]. Four putative N-glyeosylation sites, 
Asn-51. Asn-65, Asn-201 and Asn-226 (Figure 6). occur along 
the amino acid sequence of trichoanguin. In the modelled 
structure, all of these are located on the exposed surface of 
trichoanguin and are thus expected to be glycosylated (Figure 7). 

It is noteworthy that modelling studies of these proteins have 
allowed us to visualize the prominent cleft, which has been 
suggested to comprise the active site of various RIPs [30]. The 
presence of conserved residues of similar amino acids around the 
proposed active-site cleft among trichoanguin. trichosanthin and 
a-momorcharin was clearly identified and confirmed. This 
similarity strengthens the notion that there could be a strong 
preserv ation of three-dimensional structure in these proteins w ith 
Mmilar catalytic functions, with critical amino acid residues 
being conserv ed especially in the region of the active site. 

Figure 9 shows a close-up view of the active centres of 
trichoanguin and trichosanthin. The residues constituting the 
active site of trichosanthin (Tyr-70. Tyr-111, Glu-160. Are- 163 
and Trp-192) are fully conserved in trichoanguin. In tricho- 
santhin. the key active-site residues, including Glu-160 and Arg- 
163. are directly involved in catalysis, whereas Tyr-70 and Tvr- 
1 1 1 have a crucial role in binding the rRNA loop. Trichoanguin 
possesses the same residues at its catalytic site and the rRNA 
loop-binding site. Most RIPs contain an acidic amino acid 
residue at position 85. which might provide a proton for 
protonating adenine. In trichosanthin, the N-7 atom of the 
adenine is protonated by Glu-85. which is replaced by Asp in 
trichoanguin and the abrin A-chain. 

Many immunoconjugates of RIPs and specific antibodies have 
been evaluated in vitro and /// vivo as potential therapeutic agents 
for the treatment of cancer and autoimmune diseases. When 
trichosanthin was conjugated to a hepatoma-associated anti- 
body, the resultant immunotoxin was 500-fold more cytotoxic 
than free trichosanthin and only one order of magnitude less 
cytotoxic than free ricin [44]. By linking monoclonal anti-Th\ 1.1 
antibodies to PAP or ricin A-chain through a disulphide bond, 
both conjugates were shown to specifically inhibit protein syn- 
thesis of Thy 1 . 1 -positive target leukaemic cells [45], Cross-linking 
of saporin to an anti-CD4 antibody leads to effective killing of 
CD4" cells [46]. Bryodin conjugated with anii-CD40 antibody 
was shown to be potently cytotoxic against CD40-expressing B- 
lineage non-Hodgkin*s lymphoma and multiple myeloma cells 
[47]. Furthermore a conjugate of PAP w ith the anti-CD4 antibody 
was found to be very effective in inhibiting H1V-1 production 
[48]. ' ' 

From the above examples of immunotoxins applied to thera- 
peutic uses, an important consideration for iiumunoconjugate 
assembly is the nature of the linkage between antibody and RIP. 
A disulphide linkage is usually thought to be essential for 
maximal cytotoxicity. Most type I RIPs do not have any free 
cysteine residues, which necessitates the modification of both 
antibody and RIP with chemical agents to produce the disulphide 
bond. Fortunately, trichoanguin contains two cysteine residues, 
one of which is located at the surface loop and can directly form 
a disulphide bond with an activated antibody thiol group via a 
disulphide-exchange reaction. Therefore trichoanguin is a novel 
free-cysteine-containing RIP. which might be ideal for the 
preparation of immunoconjugates with great potential as a 
chemotherapeutic agent for the treatment of various cancers or 
AIDS. 
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We have expressed in Escherichia coii five isoforms of saporin. a 
single-chain ribosonic-inactivating protein (RIP). Translation 
inhibition aethities of the purified recombinant polypeptides in 
vitro were compared with those of recombinant dianihin 30. a 
less potent and closely related RIP. and of ricin A chain. 
Dianihin 30. and a saporin isoform encoded by a cDNA from 
leaf tissue (SAP-C). both had about one order of magnitude 
lower activity in translation inhibition assays than all other 
isoforms of saporin tested. W r e recently demonstrated that 
saporin extracted from seeds of Saponaria officinalis binds to xl- 
macroglobulin receptor (a2MR: also termed low density 
lipoprotein-receptor-relatcd-protcin). indicating a general mech- 
anism of interaction of plant RIPs with the j(2MR system 
[Cavallaro. Nykjaer. Nielsen and Soria (1995) Eur. J. Bioehcni. 



232, 165-171]. Here we report that SAP-C bound lo i2MR 
equally well as nali\e saporin. However, the same isoform had 
about ten times low er c\ to toxicity than the other saporin isoforms 
towards different cell lines. This indicates that the lower cell- 
killing ability of the SAP-C isoform is presumably due to its 
altered interaction w ith the protein synthesis machinery of target 
cells. Since saporin binding to the R is competed by heparin, 
we also tested in cell-killing experiments Chinese hamster o\ar\ 
cell lines defective for expression of either heparan sulphates or 
proteoglycans. No differences were obser\ ed in cytotoxicity using 
native saporin or the recombinant isoforms. Therefore saporin 
binding to the cell surface should not be mediated by interaction 
with proteoglycans, as is the ease for other jc2\1R ligands. 



INTRODUCTION 

Plants synthesize toxic ribosome-inactivaling proteins (RIPs). 
that are A'-glycosidascs (EC 3.2.2.22) recognizing a specific 
adenine (A4324 in the rat) located in a unhersally conserved 
stem- loop region of 28 S ribosomal RNA. The most repre- 
sentative RIP is ricin. which in addition lo the catalytic A-chain 
subunil contains a B-chain that allows it to attach to and enter 
the cells. Conversely, single-chain or type I RIPs. like saporin. 
lack the B-chain [1]. RIPs might ha\e great therapeutic potential 
as ehimaeric toxins, obtained with either genetic [2] or biochem- 
ical manipulations, such as immunotoxins [3] or toxin conjugates 
[4.5]. Thus they are useful for treating cancer and autoimmune 
diseases and also against HIV infection [6]. By virtue of their 
aiili\iral properties, type 1 RIPs might also be used to impro\e 
defence mechanisms of transgenic plants of interest [7.S]. 

Saporin extracted and purified from seeds of Saponaria 
officinalis (SAP-S) w as found initially to be heterogeneous at tw o 
amino acid positions, i.e. residues 48 (Asp or Glu) and 91 (Arg 
or Lys) ([9.10]: G. P. Nilli. unpublished work). This predicted 
the existence of at least four seed isoforms and. indeed, several 
different genomic clones were suceessi\ely identified, confirming 
the existence of a multigene saporin family [1 1]. In addition, a 
leaf cDNA clone had been found lo encode a saporin precursor, 
giving rise to a mature polypeptide of 253 amino acids that 
differed from SAP-S al 1 3 amino acid residues [12. 1 3]. In contrast 
with type II RIPs. type I RIPs are active not only against 



eukaryolic but also against prokaryotic ribosomal RNA |I4]. 
Initial attempts lo express dianihin 30 [15]. as well as other type 
I RIPs in Escherichia co/i, did not in\ol\e lightly controlled 
systems of expression and were unsuccessful, as reported for 
Mirabilis antiviral protein [16]. pokew eed antiviral protein ( PA P) 
[17] and saporin [1 I]. Thus presumably type I RIPs are all toxic 
to /:'. co/i ribosomes to various extents, whereas type 11 RIPs are 
not [14]. In addition, all RIPs display difTerent specificities for 
ribosomes from different sources |1J. Indeed. RIPs must first 
interact with the complex structure of the ribosomes in order to 
recognize and then depurinate target rRNA. Therefore steps 
towards elucidating structure, function relationships among l> pe 
I and type II RIPs would be highly desirable in order to engineer 
highly selective cylotoxins. 

EXPERIMENTAL 

Plasmids, strains and DNA manipulations 

BL 21 (DE3) pLysS (Novagen) strain was used for expression of 
recombinant proteins. The pET-lld plasmid (Novagen) was 
used in all the constructs. A single Xec\ site (CCA I 'OA) provides 
the translational starling codon. A .SVcll AVoRI fragment from 
sequence 3 DNA [1 1] was ligaled to phT-1 Id DNA digested with 
Ec(jR\ and Xcol in the presence of a linker-adapter containing 
Xcol Sacll sites. The pET-1 Id SAP-3 construct was sub- 
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scquently engineered by substituting the original BamHl EcoRl 
fragment with 690 bp purified BamH\-EcoR\ genomic fragments 
from sequences 1. 4 and 6 genomic clones. This yielded pET- 
1 Id SAP-]. pET-lld SAP-4 and pET- 1 1 d SAP-6 respectively. 
With sequence 6. an Sspl restriction site allowed selection of 
recombinant clones. An Xcol restriction site could be used 
instead to select recombinants for the other saporin clones, since 
sequence 3 lacks this site. The saporin-coding leaf cDNA [12] 
was mutated to introduce a stop codon before the encoded 
C-terminal propeptide [13]. The resulting construct. pET-lld- 
SAP-C. was then fully sequenced to confirm that no changes 
were introduced during the amplification step. DNA sequencing 
was performed using the Pharmacia {Uppsala. Sweden) T7 
sequencing kit. Oligonucleotides were synthesized with a 380B 
automatic DNA synthesizer (Applied Biosystems). 



Expression and purification of recombinant saporin isoforms 

Induction of expression of the toxic genes was essentially 
following manufacturer's instructions (Novagen). A single-step 
purification by ion-exchange chromatography was performed, 
loading soluble fractions of protein onto a Mono S R HR 5. 5 
FPLC K column as described [18]. Total E. coli extracts and 
fractions from column chromatography purifications were loaded 
onto 12.5",, and 15 (, „ (w,v) polyacn lamide gels respectively. 
For Western blot analysis, proteins transferred onto nitro- 
cellulose were probed with a rabbit anti-saporin antiserum at a 
1 : 1000 dilution, and detected w ith goat anti-rabbit-horseradish 
peroxidase-eonjugate antiserum [11]. Polyclonal rabbit anti- 
bodies directed against native saporin were generously gi\en by 
D. A. Lappi. Advanced Targeting Systems. San Diego. CA. 
U.S.A. 

Protein content in the peak fractions from ion-exchange 
chromatography purifications was determined with the Bio-Rad 
Protein Assay. Bovine serum albumin (Bio-Rad) and nati\e 
saporin were utilized as standards. 



Reversed-phase HPLC (RP-HPLC) and electrospray mass analysis 

Native seed-extracted saporin. and all the recombinant isoforms 
were subjected to RP-HPLC on a Hewlett Packard 1090M 
apparatus (Wilmington. DE. U.S.A.) using a 1 x 250 mm. 218 
TD CI8 Vydae column (The Separation Group. Hesperia. CA. 
U.S.A.). Mobile phases A and B were respectively 0.1 '\, tri- 
lluoroacetie acid (TE A) in Milli-Q grade water and 0.078 l, u TFA 
in acetonilrile. Elutions were carried out with a linear gradient of 
buffer B from 25 l, u to 79 "„ in 25 min at a flow rate of 
0.085 ml. /min. Separations were performed at 50 C and elution 
profiles were monitored with a Hewlett Packard 1040A Diode 
array detector at the wavelength of 215 nm. 

On-line RP-HPLC /electrospray mass spectrometry was per- 
formed with samples of SAP-S. SAP-6 and SAP-C (a saporin 
isoform encoded by a cDNA from leaf tissue) on a Hewlett 
Packard 5989S MS- Engine single quadrupole instrument 
equipped with a Hewlett Packard 59987A electrospray interface. 
Eluates from the RP-HPLC were directly injected into the ion 
source of the mass spectrometer. The electrospray potential w as 
approx. 6 kV. The quadrupole mass analyser was set to scan over 
a mass-to-charge ratio (mjz) from 1000 to 1700. at 2 s per scan 
for a total lime of 10 12 s. The sum of data acquired over this 
lime constituted the final spectrum. Molecular masses were 
calculated from several multiply-charged ions within coherent 
series. Mass calibrations were performed with horse skeletal 
muscle myoglobin (Sigma). 



N-terminal sequence analysis 

For protein sequence analysis, samples of SAP-3. SAP-4 and 
SAP-C after SDS/ PAGE w ere eleclrobloltcd onto polyvinyl idene 
difluoride membranes (Fluorotrans) at 300 mA for 45 min uMiig 
10 mM 3-(c\'clohexylamino)- 1- pro pa nesul phonic acid (pi I I 1 ) in 
10 °,> (v/v) methanol as transfer buffer. The membrane w as 
stained for 1 min in Coomassie Blue R250, 'methanol. /acetic acid 
(1 ;400: 100. by vol.) and destained in 50",, methanol for 5 min. 
Bands were excised from the membrane and arranged in the 
cartridge block of the sequencer. Automated Ldman degradation 
was performed on a pulsed-liquid-phase Sequencer, model 477 
(Applied Biosystems) equipped with a Mod. 120 A HPLC 
instrument for detection of phein Ithiohydanloin amino acids. 



Biological assays of ribosome-inhibiting activities 

Serial log dilutions ranging from 40 nM to 0.4 pM final con- 
centration of each isoform in phosphate-buffered saline (PBS) 
were assayed in duplicate, dispensing 2 //I of each dilution in 
Eppendorf tubes on ice. A reaction mixture containing 2.5 //Ci of 
tritiated leucine (i.-[4.5- :i H]leucine. 45 85 Ci/mmoL Amershani 
International). 250 ng of brome mosaic virus RN A and 0.053 mM 
amino acid mixture without leucine was added in 3 n\ samples. 
Nuelease-treated rabbit reticulocyte ly.sate ( 10 //I; Promega. 
Madison. Wl. U.S.A.) thawed on ice was added to the assay 
tubes. Samples of 15 jt\ final volume were incubated at 30 C for 
60 min. The SAP-C dilutions tested range from 700 nM to 7 pM 
final concentration. At the end of incubations, samples were 
chilled on ice. brought to 0.1 nig. nil final concentration of 
ribonuclease A then further incubated at 23 C for 20 min. To 
quantify the amount of radioactivity incorporated into translated 
protein, spots were made in triplicate on 3MM Whatman filter 
paper cut into small pieces. The filters were washed four limes. 
10 min each with 5 ice-cold trichloroacetic acid (TCA ; 
5 ml/ filter), then boiled for 1 min in 5'\, TCA and washed with 
ice-cold 95 C eihanol twice. Filters were dried at 65 C for 
30 min and then radioactivity was measured by liquid scintillation 
counting. Recombinant dianthin-30 mature polypeptide was also 
assayed for comparison, as well as recombinant ricin A chain 
(kindly supplied by J. Michael Lord. University of Warwick. 
U.K.). The concentration inhibiting translation by 50 " (1 (IC, (I ) 
was 200 pM for recombinant ricin A chain when tested in these 
assays. The program MacALLITT was used to process and 
evaluate the data from SAP-C. SAP-3 SAP-4 and SAPS 
inhibition assays. Saporin RIP activities were also tested in 
rabbit reticulocyte lysatcs measuring inhibition of luciferase 
mRNA translation. Light emission of translated luciferase was 
measured in a Berthold LB Lumat luniinometer. Inhibition of 
translation was reported as a decrease of light emission, i.e. as a 
percentage of control luciferase translated in the absence of 
saporin. which corresponds to 100",, of light emitted. Negative 
translation controls in the presence of the same concentrations of 
non- toxic proteins (carbonic anhydrase or bovine serum albumin) 
were identical with the control (results not shown). The 1C. 1(] of 
SAP-C was 125 pM whereas that of recombinant ricin A chain 
was SO pM in these assays. 



Cytotoxicity experiments 

At least two independent cell-killing experiments were performed 
using each of the following cell lines: murine LH6. treated as 
described in [5], the human permanent cell line LA.hy 926. 
obtained by fusing human umbilical vein endothelial cells with 
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the tumour cell line A549 [19] and treated as in [20]. Three 
Chinese hamster ovary (CHO) cell lines: CHO-K1. the parental 
control cell line, and the two defeetixe cell lines CHO-745 [21] 
prolcoglycan-deficienl. and CHO-677 [22] heparan sulphate- 
deficient, were kindly provided by J. Esko. University of Cali- 
fornia. La Jolla. CA. U.S.A. All three CHO cell lines were 
cultured in Hani's FI2 medium (ICN. Costa Mesa, CA. U.S.A.) 
supplemented with 7.5" 0 fetal bovine scrum. 100 units/ml peni- 
cillin. 0. 1 nig /ml streptomycin sulphate and plated at a density of 
3.75 x 10 J cells per ml in 80 //l/well. Briefly, cells were plated on 
gelatin-coated 96-well plates (Costar. Cambridge. MA. U.S.A.) 
16 1 8 h before the experiments, and treated for either 24 h ( LB6) 
or 48 h (CHO and EA.hy 926) in the absence or in the presence 
of serial log dilutions (ranging from 1 nM to 1000 nM final in 
1 00 //I / well) of either native saporin or the recombinant isoforms 
SAP-3 and SAP-C. Each point was tested in quadruplicate. 
At the end of the incubations in the presence of toxins, cells 
were washed with PBS then pulse-labelled for 2 to 4 h with 
L-[4.5- :i H]lcucine (45-85 Ci/mmol. Amersham International) at 
0.5 jtC\, 'well. Total incorporation of radioactivity into protein 
was measured by harvesting cells on glass fibre filters and liquid 
scintillation counting. Cytotoxicity was calculated measuring the 



RESULTS 

Construction and selection of clones coding for mature saporin 
isoforms 

Figure 1 is a schematic representation of the siraleg) used to 
subclone the sequences coding for the mature polypeptides of 
the different saporin isoforms in the pF.T-1 Id expression \ector. 
The isoform encoded by the sequence 3 genomic clone [11]. 
coding for the isoform termed SAP-3. was previously expressed 
in /:. coii fused to a bacterial signal sequence. Almost all the 
recombinant saporin was expressed intracellular!) in an insoluble 
form, although sonic was exported to the periplasmic space. N- 
terminal sequencing of purified osmotic shock extracts indicated 
that part of the plant-encoded signal peptide was still present in 
the recombinant product. Yet the RIP activity of the recombinant 
saporin was 20 pM. almost identical with that of SAP-S [II]. 
Therefore the DNA of the genomic clone sequence 3 w as digested 
with SacU and EcoKX to remove the encoded leader peptide of 
saporin. Purified DNA was ligalcd to AVoI/ZiVcRI-eul pET-1 Id 
DNA in the presence of a specific adapter bearing \co\ and 
SacW sites and restoring the missing coding sequence of mature 
SAP-3. Since all the differences in amino acid residues present 



Binding of 125 1 -labelled a2-macroglobin receptor (a2MR) to 
immobilized saporin 

Wells of microtitre plates (Polysorp. Nunc. Denmark) were 
coated w ith 1 //g (100 //l of 10//g/ml) of either native or 
recombinant saporin isoforms in 50 mM NaHCO. r pH 9.6. for 
2 h to provide about 80 ng (2.7 pmol) of immobilized 
saporin/ well. After blocking with binding buffer ( 10 mM 
Hepes/140 mM NaCl/2 mM CaCL/1 mM MgCL pH 7.8) con- 
taining 2 \, Twecn-20 for 2h at 20 C. microtitre wells were 
washed three times and incubated with 5 10 pM ^l-labelled 
a2MR in binding buffer containing 0.2 " 0 BSA for 16 h at 4 ~C. 
Following a wash with binding buffer, bound radioactivity was 
elutcd in 10 0 , SDS and counted in a Packard (Meriden. CT. 
U.S.A.) gamma-counter. In the absence of immobilized saporin. 
binding of '-'T-labelled a2MR (blank value) amounted to less 
than 0.2",,. All values have been corrected accordingly. For 
competition assays. '-'T-labelled a2MR (10 pM) was added to 
the wells in the presence of either 400 nM receptor-associated 
protein (a2MRAP) or 800 nM lipoprotein lipase (LpL. Sigma L- 
2254). which was dialvsed overnisht a»ainsl bindins buffer. 



Multiple alignments, prediction of saporin secondary structure and 
three-dimensional (3D) structure comparisons 

The sequences of saporin. trichosanthin. PAP. momorcharin and 
ricin used for our alignments were obtained from release 29 of 
the Swissprot sequence database. Multiple alignments were 
performed using the program P1LELP of the WISCONSIN 
package, version 8.0. based on the progrcsshc alignment method 
[23] followed by manual adjustment. Co-ordinates of PAP (code 
1PAG). a-momoreharin (IAHB) and ricin A chain (lrtc) were 
obtained from the Brookhaven structure data bank [24]. The 
superposition of the known 3D structures w as performed w ithin 
the QUANTA (Molecular Simulations) molecular modelling 
package using a least-squares fitting algorithm [25]. For the 
secondary structure prediction of saporin. the method PHD [26] 
was tised. The overall three-state accuracv was improved by up 
to 72 "„ [26]. 
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Figure 2 Protein sequence alignment of the saporin isoforms expressed in E. coli 
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among the other encoded isoforms are contained within a DNA 
stretch between two unique restriction sites. BaniHl and EcoRl. 
pET-1 ld-SAP-3 was used to obtain all subsequent constructs, 
substituting the original BamHl-EcoRl fragment with those 
encoding the other isoforms (for details, see Experimental 
section). Thus only the ATG start cod on is present before the 
sequence coding for the various mature saporin isoforms. 

Expression and purification of saporin isoforms 

In Figure 2 the aligned amino acid sequences of the recombinant 
mature saporins are shown. We have expressed the mature 
saporin polypeptides, termed SAP-l and SAP-3 following the 
numbering of the respective genomic coding sequences [11]. as 
well as the isoform termed SAP-6. as three representatives of 
seed-type isoforms. SAP-l has one of the four possible seed-type 
amino acid patterns at residues 48 and 91 ; however, instead of 
having Phe N9 . which is present in the two other seed-type 
isoforms. it has Ser 1J9 . like the SAP-C isoform (Figure 2). In 
addition. SAP-6 has Ile M . instead of Val. which is present in all 
the other isoforms; however, we cannot exclude the possibility 
that this variant might be an artifact due to the DNA amplifi- 
cation step. We also expressed a polypeptide closely resembling 
SAP-C. herein referred to as SAP-4. encoded by DNA sequence 
4 [11], Thus SAP-C and SAP-4 differ from all the other saporin 
isoforms only in a few residues, mainly located in a region of 



saporin close to the adein late-binding site [I 1.27|. The protein 
sequence of dianthin 30 is also show n for comparison. When 
dianthin 30 was expressed in A\ coli with the same host vector 
system that we used here, the IC- (1 observed in cell-free inhibition 
assays was the same as that of nativ e dianthin. i.e. about 300 pM 
[IS]. SAP-C differs from SAP-4 in lour residues (Figure 2). two 
of them being shared only with dianthin 30. i.e. Gln l:u and 
Asp 11 '. 

Tightly controlled conditions are required for efficient ex- 
pression of the saporin and dianthin 30 genes in li. coh\ since 
these recombinant RIPs are quite toxic to the bacterial host [14]. 
Non-induced or induced bacteria were lysed. sonicated and cell 
lysates were ultracentrifuged as described 1 1 SJ ; soluble and 
insoluble protein fractions were then analysed by SDS/PAGF. 
followed by immunoblot analysis using rabbit anli-saporin 
antiserum. No leaky expression of toxic saporin genes was 
observed before induction of T7 RNA polymerase. After in- 
duction, bacteria expressing the SAP-C isoform were growing at 
a faster rate than those expressing the other saporin isoforms. 
such that higher protein yields would be obtained both in the 
soluble and in the insoluble fractions. Melds of soluble re- 
combinant seed-type saporin isoforms were between I and 
3 mg; litre of culture, similar to those of recombinant PAP 
expressed using the same host vector system described here [17]. 
However, yields were lower than those of the SAP-C isoform and 
of recombinant mature dianthin 30 (up to 10 mg/ litre of culture 
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Table 1 HPLC-separated peak fractions ol recombinant isolorms 
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Figure 4 SDS/PAGE analysis of the recombinant, purified saporin isoforms 
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Figure 3 Ion-exchange chromatography purification of a saporin isoform 
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[] 8]). suggesting that the latter RIPs possessed lower E. coii host 
toxicity (results not shown). 

In all the extracts analysed, the soluble fraction contained the 
vast majority (90 l ',,) of recombinant protein, and was therefore 
used for purifying the different isoforms. A single-step purifica- 
tion was performed by ion-exchange HPLC. exploiting the high 
isoelectric point of saporin. All the isoforms cluted as single 
peaks around 1 50 mM NaCl. as did recombinant, mature dian thin 
30 purified using the same procedure [18]. They also had similar 
retention times (Table I), ranging from 8,63 min for SAP-4 to 
10.20 min for SAP-C. w hose elution profile is shown in Figure 3. 
The peak fractions from ion-exchange chromatography were 
analysed by SDS/PAGE followed by Coomassie Blue staining 
(Figure 4). The recombinant proteins had the expected relati\e 
molecular mass (A/,.) of approx. 29000 as SAP-S. The three 
recombinant seed-type isoforms SAP- 1 . SAP-3 and SAP-6 behave 
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similarly, showing clcetrophoretic patterns most resembling that 
of non-recombinant. native saporin extracted and purified from 
seeds (SAP-S). The presence of a diffuse band, almost appearing 
as two bands with a smear between them, was always observed 
with SAP-S. and was suggested lo be an artifact due to the 
isoelectric point of 10.5 measured for native saporin [2SJ. 
Conversely, both SAP-C and SAP-4 isoforms migrated as a 
sharper band with slightly lower clcetrophoretic mobility ( Figure 
4). However, their theoretical pis cannot account for their 
different mobilities. By increasing the amount of SAP-C loaded 
onto the gels, a faint faster-migrating baud can also be detected 
(Figure 4. asterisk). Interestingly, it has been reported that leaf- 
extracted saporins show on SDS/PACiL an M t higher than the 
seed-extracted protein by approx. 1500 2000 [29]. 

Biochemical characterization of recombinant saporin isoforms 

To assess the purity of the peaks from our ion-exchange 
chromatography purifications, the recombinant isoforms were 
also subjected to RP-HPLC. A single peak was cluted in each 
case, as shown for SAP-C (Figure 5, lop). Retention limes 
obtained with each recombinant isoform are summarized in 
Table 1. 

In addition, the .\/, was accurately estimated by 
eleetrospray analysis of SAP-C and SAP-6 isoforms. For com- 
parison. native seed-extracted saporin was also analysed. The 
mass spectrum of SAP-S was centred on the value of 28 560 
when directly injected in the ionization chamber. However, since 
SAP-S is known to be heterogeneous, the mass spectrum analysis 
was performed with SAP-S previously subjected to RIM I PI .C 
purification. Figure 5 (bottom) shows that three peaks were 
cluted by RP-HPLC. having retention times of 19.83. 20.44 and 
21.65 min. The two main peaks accounted for about 35",, and 
60",, of the total protein respectively. Mass spectra of peak A 
were resolved to three values of M v 28 546. 28 555 and 28 557. 
Peak B yielded a single value of .\/ t 28 557. The same analv sis vv as 
performed with the recombinant isoforms SAP-C 1 and SAP-6. 
coupling RP-HPLC separation to eleetrospray mass analysis. 
The single RP-HPLC peak of SAP-C was resolved into two mass 
values of 28 502.4 and 28617.6. representing respectively 46",, 
and 54",, of the total. A similar situation was observed with 
SAP-6. The RP-HPLC peak was resolved into two mass values 
of 28 574 and 28715 representing respectively 24",, and 76",, of 
the total. Therefore, in the case of the recombinant isoforms. the 
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Table 3 Binding of SAP-C to the *2MR 

Bind ng of '+-!abe''ed a2MR wss measured as described in the Expe: mental section and is 
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Figure 5 RP-HPLC analysis of SAP-S and SAP-C 
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Table 2 Comparison between SAP-3 and SAP-C RIP activities 
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presence of two mass spectra should be solely related to either 
the presence or the absence of an N-terminal methionine. The 
accuracy of mass determinations was 99. 9'\, (Table 1). 

The RP-HPLC coupled to eleetrospray mass analysis of 
recombinant seed-type isoform SAP-1 (which correspond to the 
same batch of preparation of the protein loaded onto the 
SDS/PAGE) revealed the presence of a single mass of 28 683, 



thus corresponding to 100 '\> of polypeptide still bearing the 
initiator Met. The electrophorctic pattern shows, however, two 
migrating bands as observed with the native seed-extracted 
saporin. 

The isoforms SAP-3. SAP-4 and SAP-C were further charac- 
terized by N-terminal sequencing. After PVOF-blotting either 
the smeared band of SAP-3 or those corresponding to SAP-4 and 
SAP-C were excised and microsequenced. Each isoform had 
cither Met or Val as first amino acid residue, as detected by 
automated Edman degradation of the purified polypeptides. The 
relative percentages of Met and Val were respectively 52",, 
and 48 u u for SAP-3. and 60 "„ and 40 l \, for both SAP-4 and 
SA P-C. 

Ribosome-inactivating activity of recombinant saporin isoforms 

The specific ribosome-inhibiting capabilities of the natural and 
of the recombinant proteins were compared using a cell-free 
translation system (Experimental section), assaying activities of 
these RIPs in serial log dilutions. The saporin isoforms SAP- 1. 
SAP-6. SAP-4 and SAP-3 all had IC, U \ allies of approx. 
10 20 pM. like that of SAP-S. as previously observed [11]. In 
contrast. SAP-C showed an 1C-,, of 17>pM in the range of 
activity of the less potent RIP dianthin 30. Processing these data 
using a statistical program, MacALLFIT. yielded the IC\„s for 
S.\P~-3. SAP-C and SAP-S shown in Table 2. 

We next compared the cytotoxicity of the recombinant proteins 
in cell-killing experiments, testing LB6 murine cells and the 
human hybrid permanent cell line EA.hy 026. In two independent 
experiments. SAP-3 was equally cytotoxic with SAP-S on both 
LB6 [5] and EA.hy 926 [20] cells, whereas SAP ( had lower 
cytotoxicity (approx. 10-fold less than that of SAP-3) with both 
LB6 and EA.hy 926 (Table 2) cells. 

Great efforts are currently ongoing to identify sequential 
e\ents starting from cell-surface toxin binding to the final step, 
taking place in the cytosol. of ribosome depurinalion. Most of 
these studies have been carried out on the internalization pathway 
of the riein holotoxin [30]. We pre\iously demonstrated that 
saporin entry into the cells is not a passive mechanism as was 
generally believed, but is mediated by a large and widespread 
receptor, the a2MR [31]. a2MR is a multifunctional endocytic 
receptor bearing multiple binding sites [32]. Therefore we per- 
formed solid-phase binding experiments to a2MR. comparing 
SAP-S with the recombinant SAP-3 and SAP-C isoforms. In this 
assay. SAP-3 was able to bind to a2MR as ellieiently as SAP-S 
(A. Nykiacr. unpublished work). In addition. SAP-C also bound 
equally well to a2MR (Table 3). Binding could be inhibited by 
EDTA. heparin and both the competitors LpL and RAP, as 
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previously shown for SAP-S [31]. This confirms the specificity of 
a2MR binding (Table 3). 

Finally, since heparin competed with the binding of saporin 
iso Forms to a2MR. we compared the cytotoxicities oF SAP-S. 
SAP-3 and SAP-C in CHO cell lines deFeetive in proteoglycan 
biosynthesis [22]. We tested mutant 745. which lacks one of the 
first acting enzymes, xylosyltransferase; therefore, assembly oF 
both heparan sulphate and chondroitin sulphate does not take 
place. This mutant has less than lv\, proteoglycans compared 
with wild-type CHO cells. Conversely, mutant 677 is defective 
specifically in heparan sulphate biosynthesis but makes about 
three times as much chondroitin sulphate as the wild-type cell 
line. When we tested either SAP-S or the recombinant isoForms 
on these CHO cell lines, no differences could be observed in 
specific cytotoxic}' between wild-type and mutant CHO cells 
(Table 2).' 

(DISCUSSION 

Plants express several RIP isoforms in a tissue-dependent [33.34] 
and season-dependent Fashion [1.35]. but the reason For such 
w ide heterogeneity remains unclear. This might represent a plant 
dele nee mechanism. Indeed, depurination oF tobacco ribosomes 
catalysed by several RIPs correlates. For instance, with their 
antiviral activity in the infected plants [8]. Moreover, ribosomes 
From several species of dicotyledonous plants are sensitive to 
their own RIP. including PAP [36]. dianthin 32 [37] and saporin 

[2] - 

In this study we have expressed several saporin isoforms in 
E. coli and compared their RIP activities, as a first step to 
determining whether amino acid variations present among them 
could reflect different specificities or catalytic properties. Three 
seed-type (SAP-1. SAP-3. SAP-6) as well as two closely related 
isoforms termed SAP-C and SAP-4 were selected for expression. 

After purification of the recombinant isoforms. we observed 
that seed-type isoforms migrated on SOS PAGE with a pattern 
similar to that of native saporin. whereas SAP-C and SAP-4 
showed a different electrophorelic behaviour. However, by RP- 
HPLC only one single peak was eluted on loading each of the 
recombinant isoforms. w hile SAP-S was confirmed to be hetero- 
geneous. Although the electrophorelic mobility of SAP-C is 
altered, accurate mass anaksis showed that SAP-C has an 
.\/„ consistent with its theoretical one. Therefore the reason for 
the heterogeneity in the electrophoretic mobilities of our saporin 
isoforms remains unclear. Similar]} aberrant electrophoretic 
mobilities had been observed previous]}, e.g. a decrease in 
mobility after removal of a protein's signal peptide [38]. Also, the 
relative mobilit} of a mutant G-protein was affected by a single 
amino acid change [39], 

The specific inhibitor} activity of the saporin isoforms was 
compared w ith that of seed-extracted saporin and of recombinant 
dianthin 30. Only the recombinant highly expressed leaf isoform. 
SAP-C. showed similar potency to dianthin 30. whereas all the 
other recombinant isoforms had similar RIP activity to the seed- 
extracted saporin. Saporin isoforms extracted from leaves of S. 
officinalis showed almost one order of magnitude lower inhibitor} 
activity in rabbit reticulocyte lysates. when compared with seed 
isoforms extracted from the same plants [34]. However, only the 
N-lerminal sequences of these isoforms were determined and 
none of them matches the recombinant isoforms expressed in our 
work [34]. 

A truncated saporin lacking the first 28 residues of the mature 
peptide had virtually no depurinaling activity [40]. Indeed. Tyr" 1 
and Arg- J are invariant residues, present in saporin and dianthin 
as well, which are thought to play a crucial role in stabilizing a 
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helix bend, allowing the two catalytic residues Cilu 177 and Arg IMI 
of ricin to interact [41]. Also, it was demonstrated that aromatic 
and charged residues in the first a-hclix of ricin A chain, at the 
N-terminus. are necessary for ricin activity |42], lodination of 
extractive saporin at Tyr residues results in protein aggregation 
and. presumably, in an inactive RIP (U. Cavallaro. unpublished 
work). Thus arginine and tyrosine residues at the N-terminus 
might be inv olved in correct saporin folding as well. In (his work. 
N-terminal sequencing of recombinant SAP-C confirmed that no 
degradation at the N-terminus was present. The presence of the 
initiator methionine should not a fleet the catalytic RIP activity 
of either recombinant saporin isoform and might simply relied a 
low efficiency in its remov al by the /:. coli meiliioii} l-amino- 
peptidase. Mis-folding of the SAP-C isoform was ruled out 
because SAP-C was expressed at high level in soluble form and 
was resistant to protease degradation to the same extent as SAP- 
S ( M. S. Fabbrini. unpublished work ). Far- 1" V circular dichroism 
(CD) analv sis showed thai the CI) spectra of SAP-4 and SAP-C 
were almost indistinguishable and accounted for an x I /Mype 
architecture, as found in ricin A chain (C Fossati. unpublished 
work ). 

Ricin A-chain and crystallized type I RIPs share the same 
overall in-dimensional folding pattern, despite sharing only 
about 30 l \, sequence similar! t> [43]. However, all residues in the 
catalytic active-site cleft of ricin A chain are conserved among 
type 1 and type 2 RIPs (Figure 6). 1 herefore mulaiion of these 
same key catalytic residues in other RIPs alwa\s results in a 
drastic loss of activity, as recently demonstrated for the tvpe 2 
RIP abrin [44]. 

To identify regions invoked in substrate recognition and 
binding, we aligned several RIP sequences with their corre- 
sponding X-ray-structure-derived secondary structures. A pre- 



726 



M. S. Fabbrini and others 



diciion of ihe secondary structure of seed-type saporin was 
obtained by multiple alignment using the neural network system 
PJ ID. Structurally conserved regions among the RIPs correspond 
to regions of high local amino acid similarity. However, major 
structural differences between PAP and ricin A-chain do not 
seem to account for their differing ribosomc specificity [45]. 
Molecular electrostatic potential distribution, calculated for 
residues close to the aden\ late-binding site, mapped onto the 
solvent surface, indicating that there is considerable variation 
between ricin. PAP and dianthin 30. This could account for the 
differences in ribosomc specificity exhibited by these RIPs [46]. 
Thus exposed residues at putative RNA-binding domains might 
be likely candidates responsible for the heterogeneity obscned 
between RIP activities. 

Proteins binding RNA contain one or more copies of a 
putative RNA-binding domain consisting of two ribonucleo- 
protein (RNP) consensus motifs: a hydrophobic hexapeptide 
stretch. RNP-2. and an octapeptide motif. RNP-1 [47]. A RNP- 
like structural motif was identified in ricin A chain [42] that 
shows similarity to the recently solved 3D structure of the RNP 
motif of L'lA spliccosomal protein [48]. This motif overlaps with 
a RNP domain tentatively identified in the RIPs we examined, 
including a putative hydrophobic RNP-2 found in the core //- 
sheet that contains the active-site residue Tvr M) involved in 
sandwiching together with Tyr 1 " the form vein monophosphate 
analogue at the adein late-binding site. Within this RNP-2 like 
motif, the first three positions are conserved among saporin and 
other RNA-binding proteins [49]. Conserved residues in the 
RNP-1- and RNP-2-Iike motifs might be critical for the RIP's 
association with rRNA. whereas exposed residues in the most 
variable regions, especially in unstructured loops, may account 
for differences in specificity. From our putative model of saporin 
structure, we predict that Lys m of the saporin sequence (which 
is substituted by Gln m in SAP-C and dianthin-30) is located at 
a conserved surface loop found in the putative RNA-binding 
domain (Figure 6). Therefore we postulate that the difference in 
SAP-C activity might be due to impaired RIP-vibosomc in- 
teraction. 

To test this hypothesis. SAP-C was assayed in cytotoxic 
experiments. If steps from receptor binding and internalization 
to retrograde transport along the endomembrane system, to 
toxin translocation to the cytoplasm, were as efficient for SAP- 
C as for native saporin and only ribosome recognition was 
impaired, we would expect to observe a similar difference in 
potency between SAP-C and the seed-type isoforms. as found in 
the cell-free inhibition assays. Indeed. SAP-C was about ten-fold 
less cytotoxic irrespective of the cell line tested. Since SAP-C was 
able to bind efficiently to the putative receptor mediating saporin 
internalization, our data clearly support this hypothesis. Con- 
verse!}, the polymorphism of saporin seed-type isoforms. in- 
\olving residues at positions 48 and 91 that are also located in 
loop regions, presumably did not affect substrate recognition 
and activity, at least in reticulocyte lysates. The three other SAP- 
C substitutions compared with SAP-4 are found in a-helix 
structures. Although we cannot exclude the possibility that the}' 
contributed to the observed lower ribosome-inhibiting activity, 
these residues are presumably not accessible to the sohent 
surface. 

Finally, to further investigate the role of proteoglycans in 
saporin internalization, we tested mutant CHO cell lines in cell- 
killing experiments. The same extent of loss of potency was 
obtained again w hen comparing the cytotoxicity of SAP-C w ith 
that of SAP- 3 and SAP-S. However, since no significant dif- 
ferences in cytotoxicity were observed among seed-type saporin 
isoforms against the mutant CHO cells, heparan sulphate proteo- 



glycans do not seem to facilitate the concentration of saporins at 
the cell surface, as was shown for other a2M R ligands [50.51]. 

This work is dedicated to the memory of Gianpaolo Nilti. We are grateful to Gaclano 
Orsmi, Lucia Monaco, Vinod Singh and Douglas A Lappi for helplul discussions and 
to Aldo Ceriotti and Luca Benatli for critical reading o! the manuscript. We also tlrank 
Jan Malyszko for oligonucleotide synthesis and Gianluca Fossati for the circular 
dichroism spectroscopy data. This research was supported by Gonsiglio Nazionaic 
del le Ricerche PF ACRO, Rome, the Associazione Italiana per la Riceica sul Gancro, 
Milan, the Italian National AIDS Research Project, and Regione Lombaidia 



REFERENCES 

1 5* F.. 3a'D'2 r i. !_. 3a:teili. M G, S: r :a, M ar ; La;}-. 2J A 
Be 'sc^sgy 10, ^05-^2 

2 La:: D. A. Ying. W„ 3ac>-e'er"v. I . Ma^meau. D. Pt:: I. B-na:i\ L. Sena. M 
a:d 3a> r i A. r 394) j 3: Cnen 269 " : 1 : : : 

3 Fa!;T. 3 . Boiognesi . A.. nengn. - . Ta.vari. ? L . B':e. M K . S^n. H , Dia^o;). il . 
A:e'sa. F.. Cornell, P. P:::o!o. G„ 3artaaetc:a, G. Saoatt-ni. E. ?.\<v\. S. MdMcii' 

M F a-a Stirpe. F ,1592! Lancet 339. '195 V% 

4 Cass:e s. W . Lapps. J A , Ckvin. 3 B . Wai. C. Syrian. V . S:ei'. E H . Sa^e, J 
and 3a. rd. A r 992; D rec Nat: A:ad S:i .;SA 89. 7159 ^3 

5 Ca-.a -a r c. L'.. :e : Vecahio, A. La::i. D A and Sona, N' ^ i1993) J 3 ol Cn.n 
268, 23*85-23:93 

5 VcGaatn. M. 5 . r-.vs-g. K M , Caldwe: S E.. Gaston i . Luk. K . Wj ' j . Kg. V L . 

C':we. S . Dan b!s, „ . Marsn, J . Deinhart. T , Lekas. P V , Ve r ran. . C . V.pg. 

H. W. an: Lrson. J 0 f 959) Proa Nat Aeaa S:i. L S A 86, 28'4 2343 
7 .edge J K. Karaews*, W K an: ~ameo N E .1993) Prx Na:i Aaad S;a JSA 

90. 7 059- 7 393 

3 jr 5, Vass^an, A.. .classed, 3. Roberts L. M. La r d. ^ M arj rvta-y. M 

;*99~; 3 !ant a 5 827-635 
3 Va?.s. 3. ::j;t;. R.. De Laca i. -endare. E. BeltetP A Barra. :) Ressa • a::l 

Bvan. V ; H 990) 3'e:^er -t 21. 531 533 

A::. 3\x:en. 13, 43-53 

Bareery. .., Wad -=au D. C"g. VI. iVatsjnam . R _ nq M. Be; a;;. L. Ga^^e, 
j Sana. M and La::'. 3 A f 993; . 3d Ctem 268, vrjA'6 
3sna*:!. L. Saeea'da, iV- 3. Dani. V \ ;n G p , Sassano. M. Lo'en;ein, R Lap:'. 
D i a-d Se^a. M ,'9S9] E^ . Biacher 183, ^55-^70 
3e"i"i l . N Hi. G . So i"as. iV , \ .•: sasira. 3 . V :a ie. A . 2e::a:t'. A and Sa' a M R 
■,199"; -BBS .e;t 291. 285-256 

-au.ey. V P., .eg-a-ne. 3., Csdot. 9. 2- e n. i s- i. j fV (199') ; l-3 Lett 
290 55-58 

^egnare. G.. G'cmo. 3.. Lord, j V. Vlom . N and Vadcna. 2) ;1993: Bioct a-ii 
B'::nys. 9es ConiTun. 192. 1 233 1 23^ 

-ar-ka. N. VlJra^a^l. v ., \o m a. M . Kjac. T ana Hon^isn. K 0 9P9 1 J 3 a 
2^- 264. 5529-553/ 

C^aaaaak. J C. J V. ^a^oey. W R and -:oe3s. l M ,:594: \a:-a: Ana: 
Res 22, J 535-i:43 

Legaare. G.. ^assa: . G. V:n;m. \ Grara. G. fVaraacaa F . Masaagn. >: r aJ 
Vaaera. D ^G 0 : 1 Bcmea Pept P r ote ns Nacle.: Aaias 1. 51- 58 
Eaaea C a. V:Dana:d. 3 G a n d G-aNm. J B -'^ D 'a: Natl A:aa S.- t;SA 
80 3 7 3^-3737 

23 Ca.a'a-a. J. aei Ve:ch3. A ra::an. P _ fVassa::a G an: Sor.a. M H :1999> 

Dxg Dei vs-y 1. r 9-1 24 
7" Es*:. . D.. Stewa:. " E and T ay:r. W ~ 3 935; -'o: \^.\ Aca.i Sa: j-a 82. 

22 Es^.a. . D„ R:s:a-d < S and Wc n^e. J L (i955< Scaraa 24V KfC 1 1595 

23 -eng j - a^d Dool ::'e. ^ E \'.%7) J fVo E\c 25.551 253 

24 3eTs:=.r - C.. Kaetale. T F. Wdlars. G.. Veye: l E 3'::e. M D. Raaae;: a H 
a"d Ken-.a-. 0 ; J 9?7; J V:l. Bo: 112. 535-542 

25 S.t: !f. V Ha-re'. L. Sarrey. D and 3landell, T. S-M n Eng 1. 
3^-354 

25 Rest 3 ana Sance^s. C. (■994) Pr.re.'is 123. 123- 25 

27 -eadv V P <at:m. 3. a and Ro:v!us. J D :*985! ^'a:eas 3, 52 59 

53 La:: 3J A. Esan. P.. aa'fcien. L. Si r:e. F and Sa;a. V 398:) B.aat em Ba-phya 

»es Gnmjn 129 934-942 
25 Ca r :anga R. S.^r'a-. L. o:dnanv5*.el:an, A P, »a".s. N rt -iJ G::y R R D 

^99^) Planta 194. ^5^— 7 0 

30 La-a. J V. RaLaers. V. an: R::e":s „ D ^1 994: ; A5E3 a 8. 23'-258 

31 Cava :aro. J. \yh ; ae r . A, Ke!sc ri . M and So^a, M ^ M95:) E,a 2 3 oner 232. 

32 Veest^jn. S < , J 994) Bocnni. Biopnys Acta 1197, 19 7 --2 H 3 

33 Re:5t g. R. q a:: 3 r Ja^d, C. 0 953) A r :a BiaaEer B-o:'iys 224 7 33--735 



R i bosonne ■ inhibiting activity of a saporin isoform 



727 



34 Fsr-eras. J V . Ba^en. L. Gross. T.. Batteils. W. 3., R:,:. V. A.. Anas. - J„ 
-ocher. M. A.. Scraoo, F.. Menrjez. E. and Surpe. F. (1 993; B:och,m. B.ophys. A:ta 
1216. i:-A2 

35 Houston. L L ^akrs'ran. S. ana he r rorJson. V A. (1933) J. 3iol. Chen. 258. 
9531-9534 

35 ^ay-or. B. E. a^ !r\in. J D. ;1 990 ? FE3S .et!. 273, 144-14R 
37 p-6s:-e. J.. Shr-emer. M„ Ada~\ G. and Mjndry. K. W (1 992) Nuclex Aciis Res. 
20. 31 79-31 62 

33 r a:o::P!, M.S. valsasma, 3„ Ntt. 3.. Benatti. L. and Vitale. A. (1991! : EBS Lett. 
286. 91-94 

39 Vaoha-ne-. 3. E. and Rcse, J. <. (1 958: J. Bxl. Chem. 263. 59-3-5954 
-3 F;-^2--SKe:r. A. D , Taylor. P., Hartley, M R and Crcy. R. (1991) Vol Gen. 
Gret. 229. 450^55 

^ V: - :(Dl w v , : 3f:gnc3 _ j E _ Von: ngi A F ETSt 3 R Ka::;n 3 Hj; e -oer. E . 

X.ro, N H. hannn, R. a^c RooentuS. : D (1967) u Biol Cne~ 262. 5393-5433 
42 V.nsh'in. A a^d Wool. I G. J 995) . Biol Cren. 270. 33531-33557 



43 Mcnzingo. A. z , Coil-ns. E. J., Ernst. S P.Iran, j 3 a"d RoL-!.:s, J D 
J Mol 3x1 233. 7:5-715 

44 -i jig. C H.. .ee. M C. Chen. J < arrj Lin. J Y (1934) Ear J B or/ii-m 219. 
53-37 

45 Cnaooock. J. A.. V:rz:~go. A F, Rooertus J D, Lu'd, J W a-J Roberts. L M 
(1 995} Eon j. Bioohem 235, 159-55 

45 3-avi. G. L-g-ane. G and Chan, A W. (1995) J. Mo' G'amrs 13. 83 33 
47 3andz,.;,s. R J., Swanson. M. S. and Dreyfuss, G. (1989) Genes Dcv 3, 431 43/ 
43 Ootr.dge. C. !to. N, 3\ans. P R. T eo. C H and Kagai. K C 994) Nature (London) 
372 432- o3 

49 Que-y C C. Bentley. R. C. ancd Keene, J. D. (1939) Cell 57, 69^31 
53 V'rale^k:. I.. Kxnnas. M. Z. and Strickland. D K ;i[)33) J Bio- Cnon 270. 
954.; -9549 

51 \,^aer. A., tvelsen. VI.. Lookene, A„ Meyer, N , Rcgaa'd. H , D.x :;■ !t. M , 
3e,sisge:. J. Ouecrona. G. ar.t Glenano, j ; H 994) j Bel Chen 269. 
Z'-7~7-y 755 



-ece'.ed 15 Fetrja". ' 995. 22 Octooe^ H 995 : accepted '2 November 1995 



4662 Nucleic Acids Research, Vol 20, No. 17 



© 1992 Oxford University Press 



Momordin II, a ribosome inactivating protein from 
Momordica balsamina, is homologous to other plant 
proteins 

Marcelo Ortigao and Marc Better 

XOMA Corporation, 1545 17th Street, Santa Monica, CA 90404, USA 



Submitted June 29, 1992 



EMBL accession no. Z12175 



Many plants produce ribosome inactivating proteins (RIP) which 
are potent inhibitors of eukaryotic protein synthesis. RJPs 
hydrolytically cleave the N-glycosidic bond of a specific adenine 
in a highly conserved region of the 28s rRNA. Plants of the genus 
Momordica produce a number of related Type I ribosome 
inactivating proteins known as momordins or momorcharins. The 
gene encoding one member of this family, momordin I, has 
previously been cloned (1), and the N-terminal protein sequence 
of three Momordica RIPs have been described (2-3). 

Momordins are homologous to other plant RJPS, including the 
trichosanthins, a multigene family of RIPs produced by the related 
plant Trichosanthis kirilomi (4 — 5) . Trichosanthin is an 
abortifacient agent and is also capable of inhibiting the growth 
of viruses such as HIV (6). 

We have cloned momordin II from a cDNA library constructed 
from the mRNA of M.balsamina seeds (EMBL Accession 
number Z 12 175). The predicted amino acid sequence reveals a 
putative 23 amino acid leader sequence followed by a 263 amino 
acid protein. The first 27 amino acids of the putative mature 
protein match the determined amino acid sequence of momordin 



II. The amino acid sequence of momordin II, after likely leader 
processing, is homologous with trichosanthin (57%) and 
momordin I (51 %). The C-terrninal 19 amino acids of some RIPs 
such as trichosanthin is processed, and by analogy processing 
may occur for both momordin I and II. 
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Momordin II MVKCLLLSFLIIAIFIGVPTAKG DVNFDLSTATAKTYTKFIEDFRATLPFSHKVYDIPLLYSTIS 

Momordin I MSRFSVLSFLILAIFLGGSIVKG DVSFRLSGADPRSYGMFIKDLRNALPFREKVYNIPLLLPSVS 

Trichosanthin MIRFLVLSLLILTLFLTTPAVEG DVSFRLSGATSSSYGVFISNLRKALPNERKLYDIPLLRSSLP 
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DSRRFILLDLTSYAYETISVAIDVTNVYVVAYRTRDVSYFFKESPPE-AYNILFKGT-RKITLPYT 
GAGRYLLMHLFNYDGKTIWAVDVTNVYIMGYIJ^TTSYFFTrePAAEIJ\.SQYVFIU)ARRKITLPYS 
GSQRYALIHLTNYADETISVAIDVTNVYIMGYT^GDTSYTFTreASATElAAKYVFKDAMRKVTLPYS 
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GNYENLQTAAHKIRENIDLGLPALSSAITTLFYYNAQSAPSALLVLIQTTAEAARFKYIERHVAKY 
GNYERLQIAAGKPREKIPIGLPALDSAISTLLHYDSTAAAGALLVLIQTTAEAARFKYIEQQIQER 
G^^Yl;RLQTAAGKIR£NIPLGLPAIJ)SAITTLFYYNANSAASALMVLIQSTSEAARYKFIEQQIGKR 
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VATNFKPNLAIISIXNQWSALSKQIFLAQNQGGKFRNPVDLIKPTGERFQVTNVDSDWKGNIKLL 
AYRDEVPSIATISIXNSWSGLSKQIQIAQGNNGIFRTPIVLVDNKGNRVQIThTVTSKVVTSNIQLL 
VDKTFLPSIAIISLENSWSALSKQIQIAST1INGQFESPVVLINAQNQRVTITNVDAGVVTSNIALL 
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LNSR — ASTADENFITTMTLLGESWN 
LNTRNI AEGDNGDVSTTHGFS — SY — 
LNRNNMAAMDD-DVPMTQSFGCGS YA I 
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Figure 1. Comparison of the predicted momordin II amino acid sequence lo those of momordin I (1) and trichosanthin (5). Residues that are well conserved are 
indicated with ■ while perfectly conserved residues are indicated with *. The arrow indicates the position of the last residue of mature trichosanthin after C-terminal 
processing. 
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We have isolated and sequenced partial cDNA clones that encode SO-6, a ribosome-inactivating protein from 
Saponaria officinalis. A cDNA library was constructed from the leaves of this plant and screened with synthetic 
oligonucleotide probes representing various portions of the protein. The deduced amino acid sequence shows the 
signal peptide and a coding region virtually accounting for the entire amino acid sequence of SO-6. The sequence 
reveals regions of similarity to other ribosome-inactivaLing proteins, especially in a region of the molecule where 
critical amino acid residues might participate in the active site. 



The ribosome-inactivating proteins (RIPs) from various 
plant extracts inhibit protein synthesis of animal cells by ren- 
dering the 60S subunits of eukaryotic ribosomes unable to 
bind elongation factor II. A single adenine residue is removed 
from ribosomal RNA in a region that is highly conserved 
between species [1]. RIPs can be classified as type 1 and type 
2 [2]. Type-2 RIPs (e.g. ricin, abrin, modeccin and viscumin) 
consist of an active A chain linked to a cell-binding B chain. 
The B chain binds to the sugar moieties of the cell surface, 
causing Lhe A chain to enter the cell and enzymatically attack 
the ribosomes. Among type-2 RIPs, ricin, from Ricin us 
communis, is the most extensively studied. Its cDNA [3] and 
genomic DNA [4] have both been isolated and sequenced. 
Ricin is translated as a preproricin precursor containing a 
signal peptide and the A and B chains, separated by a linker 
peptide 12 amino acids long. The gene does not contain in- 
trons. The ricin A-chain gene was successfully expressed in 
Escherichia cofi [5, 6]. 

Type-1 RIPs were identified in extracts from Phytolacca 
americana, Phytolacca dodecandra, Dianihus caryophyilus, Ge- 
Ionium muitiflorum, Momordica charantia. Saponaria offi- 
cinalis, and other plants [7]. T hese are single-chain RIPs lack- 
ing the ability to bind cells; thus, they are much less toxic, 
probably because they cannot penetrate into all cells. 

Their molecular mass ranges over 28 — 31 kDa. Some RIPs 
arc glycoproteins, some contain little or no carbohydrates. 
Structural differences can be present in RIPs isolated from 
different tissues of the same plant, like in pokeweed antiviral 
protein (PAP) from leaves or from seeds (PAP-S) of Phy- 
tolacca americana or in RIPs isolated at different stages of the 
life cycle (PAP-11, summer leaves) [8]. Both type-1 and type- 

Correspondence to M. Soria, Farmitalia Carlo Erba. Viale E. 
Bez/.i 24, Milano. Italy 

Abbreviations. RIP, ribosome-inactivating proiein; SSC, stan- 
dard saline citraic; PAP, pokeweed antiviral protein; SO-6, sapo- 
rin-6. 

Notx.'. The nucleotide sequence data reported here will appear in 
the EMBL. GenBank and DDBJ Nucleotide Sequence Databases 
under the accession number X 1 5655 (saporin 6) 



2 RIPs have been used extensively for the preparation of cell- 
specific immunotoxins [9— 1 1]. 

Several type.l RIPs were isolated from Saponaria offi- 
cinalis [12]. Proteins with ribosome-inactivating activity were 
purified from seeds and leaves of the plant, and were shown 
to be structurally related. Among these, saporin-6 (SO-6) was 
the most active and abundant, representing 7% of total seed 
proteins. Other RIPs from seeds (SO-5) and leaves (SO-4, also 
named saporin-1 or SO-1) of Saponaria also cross-reacted with 
an antiserum raised against SO-6 [13, J 4]. SO-6 had 40% 
amino acid sequence similarity with the RIPs from Phytolacca 
americana (PAP) at its NH 2 -tenninal sequence, though 
immunologically distinct from them and several other RIPs 
[13f SO-4, SO-5 and SO-6 were partially sequenced, showing 
some differences al their NH 2 -tcrminal extremities [13, 1 5]. 

To date, no studies have yet been reported on the genomic 
organization and sequence of type-1 RIPs and their tran- 
scripts. As a first step towards this goal, we ha\e isolated and 
characterized bacterial clones containing portions of a cDNA 
coding for the SO-6 RIP of Saponaria officinalis. 

MATERIALS AND METHODS 

Amino acid sequence of ciostripain fragments of SO-6 

SO-6 w : as purified as previously described [13J. For 
ciostripain digestions, 200 mg SO-6 were dissolved in 50 mM 
ammonium bicarbonate pH 7.0, 4 Tvl urea, 10 mM dithio- 
treitol, 10 mM CaCl 2 . The enzyme was first activated for 1 h 
at room temperature in the same buffer without urea; then 
the digestion was carried out at room temperature overnight, 
with an enzyme/substrate ratio of approximately 1 :50. The 
reaction was stopped by addition of 0.1% F 3 CCOOH im- 
mediately before injection. 

Sequence analysis was performed by Edman degradation 
as previously described [15] in a gas-phase sequcnator (Ap- 
plied Biosystems, Foster City, CA, USA). A full description 
of the purification and sequencing of SO-6 will be described 
elsewhere (G. P. Nitti et ah, unpublished results). 
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RNA isolation and cDNA library contraction 

Total RNA from summer leaves of Saponaria officinalis 
was extracted by the guanidine/isothiocyanate method [16]. 
Pol>(A)-ricli RNA was isolated on a column of oligo(dT)- 
ccllulosc [17], cDNA was synthesized essentially as described 
in [18] from 3 u.g poly (A)-i'ich RNA using avian myeloblas- 
tosis virus reverse transcriptase (Amersham, UK), followed 
by second strand synthesis with DNA polymerase I (New 
England BioLabs. USA), yielding molecules ranging from 400 
bases to several kb (data not shown). After treatment with T4 
DNA polymerase (New England BioLabs, USA), addition of 
EcoR\ linkers and EcoRl digestion, the cDNA was ligated to 
phage Agi\Q arms and packaged in vitro. The library was 
amplified using E. coli NM514 as host. The number of inde- 
pendent clones thus obtained was 3.3 x 10 iO with a back- 
ground of non-recombinant phages of 36%. 

Preparation of oligonucleotide probes 

To probe the Saponaria leaf cDNA library, we initially 
designed a 1 1 1 -bp-long oligonucleotide, corresponding to the 
first 37 amino acids of the NFU-terminus of SO-6 [1 3]. Eight 
different oligonucleotides, 19 — 28 bases long, were synthe- 
sized using an automatic DNA synthesizer (model 380B, Ap- 
plied Biosystems Inc.. Foster City, CA, USA), and assembled 
by ligation. The resulting double-stranded oligonucleotide 
was inserted into the Smal site of M13mp8 and the correct 
sequence was verified by the Sanger method [19]. Codons for 
this oligonucleotide were chosen from the frequency of codons 
in the .seed storage proteins present in sequence databases 
(GenBank. USA^ 

A mixture of 16 21-basc oligonucleotides, corresponding 
to clostripain fragment 5 (see Fig. 1), was also synthesized. 
The mixture of short oligonucleotides was end-labeled using 
[y- 32 P]ATP and T4 polynucleotide kinase as described in [20]. 
The 1 11 -bp oligonucleotide, inserted into the single-stranded 
DNA phage M13mp8, was labeled by annealing to a primer 
complementary to the adjacent M13 sequence followed by 
treatment with Klcnow 7 polymerase [18]. After EcoRl and 
BamWl digestion to remove the oligonucleotide from the 
phage vector, the DNA was electrophoresed on a 3.5% 
polyacrylamide gel. After a very short autoradiographic ex- 
posure, the portion of the gel containing the probe was cut 
out and the oligonucleotide cluted overnight in water at 37 C. 
The specific activity was about 5 x 10 5 cpm/ug DNA. 

Screening of the Saponaria leaves cDNA library 

About 200000 recombinant phages were plated on a lawn 
of coli NM514 cells, The phages were then transferred 
to duplicate nitrocellulose filters, their DNA was denatured, 
neutralized and filters were baked under vacuum at 80 C for 
2 h and were prchybridizcd in 6 x SSC, 5 x Dcnhardt's, 0.1%) 
SDS, 100 u.g/'ml salmon sperm DNA at 50 C for 2 h and were 
then hybridized overnight at 50 C in the same mixture, adding 
1 x 1 0^ cpm/rnl of the 1 1 1-bp oligonucleotide. The filters were 
washed in ' 0.1 x SSC, 0.1% SDS at 60 C and auto- 
radiographed. Positive phage plaques were isolated and 
screened again tw r ice in order to isolate single clones. 

The clones that hybridized to the 1 1 1-bp probe were plated 
and screened with the labeled short oligonucleotide mixture. 
The filters were prehybridized in the same reaction mixture 
used for the \ 1 1 -bp oligonucleotide, but at 42"C for 2 h. The 
filters were then hybridized overnight at 42 C after addition 
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of 2 x 10 6 cpm/ml of the short oligonucleotide mixture. The 
filters were washed in 6xSSC, 0.1% SDS at 45 C and 
autoradiographic^. Only these clones giving posithe results 
with both probes were selected for further characterization. 

Recombinant phage preparations and DNA sequencing methods 

The DNA of the positive clones was isolated by the 
LambdaSorb phage adsorbent method (Promega Bio tec. 
USA), the insert was removed with EcoRl (Boehringer. FRO) 
and ligated to the EcoRl site of Mi3mpS [211 in bolh direc- 
tions of insertion. Sequencing was carried oui on both strands 
by the Sanger procedure [19] with Ml 3 sequencing primers 
(Amersham, UK), and subsequently with a series of synthetic 
oligonucleotide primers complementary to adjacent portions 
of sequenced cDNA (see Fig. 2). 

Genomic blotting 

Total chromosomal DNA was extracted [24] from seeds 
and leaves of Saponaria officinalis, digested with rcNtriciion 
endonucleases, separated by electrophoresis on a 0.8" o 
agarose gel and transferred to nitrocellulose. Probes were 
labelled by the Multiprime system (Amersham, UK) accord- 
ing to the manufacturer's instructions. Filters were hybridized 
overnight in 5 x SSC at 65 C and washed in 0.1 > SSC, 0.1 "i> 
SDS at 65°C. The molecular mass of fragments was deter- 
mined using IlindUl digests of phage z DNA as markers. 

RESULTS 

Identification ofcDNA clones 

Eight clostripain fragments of SO-6 were sequenced by 
Edman degradation (Tabic 1), confirming and extending the 
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Fig. 1. Regions of SO-6 selected for ihe synthesis of oligonucleotide 
probes. The probes were designed to be complementary to the mRNA 
coding for amino acids 1 —37 (A) and to seven amino acids from 
clostripain peptide 5 (B) 



previously determined sequences [13. 15], From this infor- 
mation, oligonucleotide probes were constructed (Fig. 1) to 
screen a cDNA library from the leaves of Saponaria officinalis. 
The library was constructed using AgtlO and poly(A)-rich 
RN A from summer leaves (see Materials and Methods), yield- 
ing F2 x 10 6 independent clones after background subtrac- 
tion. Inserts ranged in size between 600 bases and several kb 
(data not shown). 

Initial efforts at screening the library with short mixtures 
of oligonucleotides derived from sequences at the NH 2 -tcr- 
minus were unsuccessful. Therefore, a 1 1 1 -bp oligonucleotide 
(Fig. 1 A) was assembled as described in Materials and 
Methods. We reasoned that complementary stretches in this 
probe should be sufficiently long for specific hybridization 
even in the presence of mismatches. Other genes were success- 
fully isolated using this approach [22]. 

200000 plaques from insert-containing clones were 
screened with the labelled Ill-bp oligonucleotide, yielding 
positive plaques that were isolated and successively rc- 
hybridized to the oligonucleotide mixture 21 A (Fig. IB) to 
confirm our selection. Two such clones, pBL6 and pB6aj2 
were selected for further analysis and were characterized by 
subcloning into £roRI-digested M13mp8 in both directions 
of insertion. 
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Fig. 2. Partial restriction map of cDNA and .strategy of sequencing. 
Top: the 1600 bp cDNA clone pB6aj2. Bottom: the overlapping clone 
pBL6. EcoK\ sites in parentheses result from addition of linkers to 
cDNA. Small arrows indicate the direction and positions of small 
oligonucleotide primers employed for sequencing. C j rev arrows indi- 
cate M13 universal primers 



Scq urn c ii ig of c J on es 

The partial restriction map and sequencing strategy of 
pBL6 and pB6aj2 shows that these clones overlap completely 
(Fig. 2). DNA sequencing in both directions resulted in only 
one base difference between the two clones in the 5'-noncoding 
region ( Fig. 3). Comparing the NH 2 -tcrminal amino acid se- 
quence of Saponaria RIPs reported previously [13, t 5] to that 
predicted by the coding portion of the cDN A, the start point 
of the amino acid sequence could be identified with the trans- 
lation initiation site corresponding to a methionine codon, 
ATG, at nucleotide residues —72 to —70. The sequence 
further predicted an NFF-terminal extension of 24 ammo 
acids for the putative signal peptide, and a cleavage site in 
agreement with the —1, —3 rule of Von Hcijne [23]. The 
length of the signal peptide is the same as that of preproricin 
[3]. but no evident similarity in amino acid sequences is pre- 
sent. 

Comparison of the NH 2 -terminal sequences and of in- 
ternal sequences from the clostripain fragments of SO-6 
(Table!) to the predicted amino acid sequence from the 
cDNA clones shows complete identity between these se- 
quences at all but one amino acid residue along the molecule 
(Fig. 3). Both pBL6 and pB6aj2 ended with a natural EcoR\ 
site at their 3' end, that is, a site not resulting from the addition 
of linkers to the cDNA. Thus, we could not identify a trans- 
lation termination codon at the 3' end of these clones. At the 
protein level, positive identification of the COOH-lerminal 
fragment of SO-6 was hindered by the resistance of this pro- 
tein to treatment with some proteases, including carboxy- 
peptidase (G. P. Nitti, unpublished observations) [12]. How- 
ever, treatment of SO-6 with CNBr or pepsin yielded frag- 
ments with overlapping COOH-tcrminal sequences to that of 
clostripain fragment 5 (G. P. Nitti et aL unpublished results). 

Genomic blot analysis 

A Hindi fragment encompassing the coding region of 
clone pBL6 (Fig. 2) was used as the radioactive probe for a 
Southern transfer of Saponaria genomic DNA. Digestion of 
seed DNA with Rs/Nl, a methyiation-insensitive restriction 
enzyme, showed three hybridization bands of approximately 
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Fig. 3. Nucleotide sequence (2nd deduced amino acid sequence ofcDNA 
clones. Residues are numbered vviih ihe firsi residue of the eodon 
specifying the arnino-tcnninal residue of the SO-6-like protein num- 
bered 1. and ihc nucleotides on ihc 5' side of residue 1 indicated by 
negative numbers. The predicted amino acid sequence is given below 
ihe nucleotide sequence. Amino acids are numbered from the amino- 
terminal residue of the protein and the preceding residues arc indi- 
cated by negative numbers. The positions of amino acids confirmed 
b> peptide sequencing are underlined. Differences with the sequences 
of ihe clostripain fragments (Table 1) are indicated beneath. The 
unique nucleotide differing in pB6aj2 is indicated above the sequence 



1.4 kb, 2.9 kb and 3.6 kb, respectively (big. 4). Digestion of 
leaf DNA with the same enzyme, and of seed and leaf DNA 
with other restriction enzymes like £VoRI, ZtawHI, BglW, 
PvuW and Sail, yielded partial restriction fragments, presum- 
ably due to protection of the corresponding sites on the DNA 
by methylation [24]. A prominent band of about 3.8 kb was 
present after digestion of leaf DNA with Bgfll, and a much 
weaker band of similar size was also present in tfg/H-digested 



Fig. 4. DNA Southern blot analysis of the Saponaria officinalis 
genome. 10-ug samples of seed and of leaf genomic DNA were digested 
with the indicated enzymes, elcetrophoreticaily separated on an 
agarose gel and transferred to nitrocellulose. Hybridization was car- 
ried out to a //well fragment from the 3' end of clone pBL6 (Fig. 2) 
as described in Materials and Methods. A, seed DNA; B, leaf DNA 



seed DNA. These bands are probably due to strong cross- 
hybridization with other S. officinalis genes of chloroplast 
origin in the leaf tissue, and of plastid origin in the seeds, such 
as those coding for ribosomal RNA (L. Bcnniti, unpublished) 
or RNA polymerase [25]. This interpretation is supported 
by recent findings on the discontinuous genetic system of 
ribosomal RNA in the mitochondrial DNA of Chla- 
midomonas reinharcJn'i, where large transcripts of scrambled 
rRNA have been found interspersed with protein coding se- 
quences [26]. 



DISCUSSION 

In this paper we report the first isolation and DNA se- 
quence of cDNA clones encoding a type- 1 RIP, Ihe SO-6 RIP 
of Saponaria officinalis. In previous studies, wc have shown 
that RIPs from the seeds and leaves of Saponaria officinalis 
possess varying levels of amino acid sequence similarity 
among themselves and with members of other plant families 
like the Phytolaccaceae |13, 15]. Besides similar functions, all 
these RIPs arc present in different forms in the seeds or leaves 
of the plant, and are subject to seasonal variations in the same 
plant [8]. We have now extended our previous observations 
on the amino acid sequence of SO-6 to other parts of the 
protein after enzymatic fragmentation. Based on this infor- 
mation, we designed and synthesized a mixture of 
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oligonucleotides and used these as a probe to screen a cDNA 
library from summer leaves of Saponaria officinalis, in an 
attempt to isolate cDNA clones coding for RIPs present in 
leaf tissue. In this manner, the library was screened with two 
different probes corresponding to different regions of SO-6. 
This was necessary due to the abundance of cross-hybridizing, 
false-positive clones in the library, presumably of chloroplast 
origin [25]. 

The cDNA clones, pBL6 and pB6aj2, encode a protein 
showing high similarity to the RIPs of Saponaria officinalis. 
The NH 2 -terminal sequence and the sequence of eight 
clostripain peptides of pure SO-6 covering a total of more 
than 100 amino acid residues were the same as the deduced 
cDNA sequence, providing unambiguous evidence that the 
cloned cDNAs derived from mRNA coding for SO-6 or an 
almost identical Saponaria RIP (Fig. 3). The few differences 
with the experimentally determined amino acid sequences of 
SO-6 (Table 1) [15] might be due to heterogeneity between 
seed varieties, or to different forms of such Saponaria RIPs 
present in the plant as in the case of PAP [8] and of ncin [3]. 
Whether such heterogeneity is a reflection of variability in the 
genetic system of Saponaria RIPs remains to be established. 
However, only three genomic DNA restriction fragments 
hybridized to a Hindi fragment from one of the clones, 
suggesting that SO-6, like ricin, is a member of a small multi- 
gene family [4], 

Since both pBL6 and pB6aj2 are partial cDNA clones, the 
missing portion of the cDNA for SO-6 might still code for a 
small COOH-terminal extension of the mature protein, fol- 
lowed by the stop codon(s) and polyadenylation signal. 
Alternatively, clostripain fragment 5 (Table 1) might be the 
COOH-terminal peptide of mature SO-6. If this were the case, 
SO-6 might derive by a processing mechanism from a longer 
protein precursor whose cDNA would extend beyond the 3' 
end of pBL6 and pB6aj2. Then, all the coding portion for the 
COOH-terminus of mature SO-6 would be contained in pBL6 
and pB6aj2. Preliminary evidence suggesting this possibility 
derives from fragmentation studies of SO-6 with CNBr or 
pepsin, all yielding fragments terminating with an identical 
sequence to that of clostripain fragment 5 (G. P. Nitti et 
ah. unpublished results). Similar post-translational processing 
mechanisms of a COOH-terminal extension were recently de- 
scribed in the precursors of y-interferon [27] and of tobacco 
glucanasc, a plant defense-related enzyme [28]. 

Complete amino acid sequences are now known for ricin 
A and B chains [3], for trichosanthin [29], for barley protein- 
synthesis inhibitor [30] and for E. coli Shiga-ltke toxin [31], 
Considerable amino acid sequence similarity has been ob- 
served among these proteins, all sharing a similar mechanism 
of action [32]. In addition, high-resolution crystallographic 
studies of ricin allowed visualization of a prominent cleft in 
the A subunit, that was suggested to contain the active site of 
the RIP [33, 34]. Examination of similarity between these 
sequences and the protein sequence derived from the pBL6 
clone reveals the presence of similarly conserved residues 
around the proposed active-site cleft (Fig. 5). This similarity 
strengthens the notion that there could be a strong retention 
of three-dimensional structure among these proteins having 
similar catalytic functions, with critical amino acid residues 
conserved, especially in the region of the active site [34]. 

The SO-6 RIP from S. officinalis has yielded very promis- 
ing results as a candidate partner for the synthesis of imrnuno- 
toxins. It has been suggested that its characteristic high pi 
[35] contributes to form compact immunoconjugates in the 
circulation by electrostatic interaction of SO-6 with the ncga- 
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Fig. 5. Alignment of homologous amino acids in (he polypeptide chains 
of trichosanthin (a), ricin A chain fhj, SO-6 (e), barley protein- 
synthesis inhibitor (d) and Shiga-like toxin (e). Conserved ammo 
acids in the cleft of the ricin A-chain crystal structure arc indicated 
by asterisks. Numbers refer to the positions ofresidues in lhe mature 
protein. Dashes indicate gaps introduced into the sequences to 
maximize alignments. Alinnments are derived from those of [34] and 
132] 



tively charged antibody, thus protecting the conjugate's 
chemical linkage from degradation [36]. This, coupled to the 
RIP's remarkable resistance to proteases and stability, results 
in irnmunotoxins with excellent pharmacokinetic character- 
istics [37] and powerful activity /// vitro and in vivo [38 — 40]. 
Recombinant chimaeras between genes coding for bacteria] 
toxins and ligands are now 7 becoming available to kill selec- 
tively receptor-bearing cells [41 —44]. Thus, the availability of 
the gene encoding SO-6 should allow the design o(^ powerful 
biochemical and genetic conjugates for specific cellular 
targeting. 
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